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PREFACE

Pulsed power in all its varied meanings is showing no sign of abate-
ment in activity. It is becoming a technology nf increasing importance
in numerous new and novel applications, growing from its well-established
base in energy and defense related iasearch and development. On2 indica-

tion of its vitality is this Digest of Technical Papers for the 2nd IEEE

Intemational Pulsed Power Conference., Tue crganizers were counseled by
wmany that rhere would not be enough material that ~ould be covered at
this meeting nor would there be a sufficient diversity of interes® How-
ever, from our first such conference during November 1976, held in Lub-
bock as well, we have recorded a fifty percent incrense in attendance to
almost 300, with well over 100 invited and centributed presentations.
There were twenty-five attendees from 10 foreign countries including Bel-
gium, Canada, Denmark, England, France, Israel, Japan, Poland, the USSR,
and West Germany.

As a result of this growth and with the realization that this con-
ference serves as the principal forum for the exchange of information in
the highly specialized and unique field of pulsed power technology, sev-
eral actions and events have taken place. First, the present technical
program committee, which adequately insures that the interxests of the
principal players in the field will be served, have been designated a
permanent standing committee to organize and maintain this conference
series. Secondly, we have agreed to hold thi3 meeting biennial,y, alter-
nating with the well-known Modulator Symposium. It is our present inten-
tion that the 3rd IEEE International Pulsed Power Conference will be held
in Albuquerque, NM during 1981 with Art Guenther of the Air Force Weapons

Laboratory as Conference Chairman and Tom Martin of Sandia Laboratories,
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Albuquerque, as Chairman of the Technical Program Committae.

One interesting sidelight of this years meeting was a contest to
select a conference symbol which could be used with all future meetings
and correspondence, We wished the symbol to be easily rvecognized and to
uniquely depict pulse power. To our pleasant surprise almost fifty en-
tries were received and from these the Techuical Program Committee selec-
ted the symbol shown on the title page of these proceedings. The winner
was Capt, Charles W. Schubert, Jr. of the U.S. Aix Force Flight Dynamics
Laboratory, Wright-Patterson AFB, Ohio. He received a Texas Instruments
TI-59 fully programmable calculator graciously donated by the manufac-
turer. Congratulations to Capt. Schubert and many thanks to TI.

Our conference had the distinct honor of being able to recognize the
many contributions of‘Mr. Peter Haas to the development of pulse power
technology in the United States. Mr. Haas recently retired from his posi-
tion as Deputy Director for Ssience and Technology, Defense Nuclecar Agency,
after a distinguished career in the Federal Civil Service. We all recog-
nize that he has not really retired but just entered into another role and
we can count on his continued vigorous and outspoken support for further
developrent in pulsed power technology.

Besides the excellent technical content and Texas hospitality, the
meeting could not have transpirad without the sponsorships of several
key organizations. Thus we would like to call your special attention to
the following sponsors:

The Air Force Aero Propulsion Laboratory

The Air Force Office of Scientific Research

The Electronics Technology and Devices
Laboratory, U.S. Army

The Naval Surface Weapons Center and
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The Office of Naval Research; all of

The Department of Defense, and from the Department of Enexgy;

The Office of Laser Fusion and the Office of Fusion Eneargy.

The Conference was most effectively organized locally by tha Depart-
ment of Electrical Engineering, Texas Tech University under Dr. Russell H.
Seacat, Chairman, and the South Plains Section of IEEE, Lewis Thomas,
SectionPresident, with Travis Simpson, Martha Smith, and Deanya Wood of
the Texas Tech EE Department, as Local Chairman, Conference Secretary,
and Secretarial Assistant, respectively. To all of these people go our
deepesc appreciation and a hardy "well-done'!

To those who worked so diligently on the organization and preparation
of the 2nd IEEE-PPC, may we add our sincere appreciation and thanks. Seae

you in Albuquexque in '8l.

A. H. Guenther M. Kristiansen
Air Force Weapons Lab. Texas Tech University
Chairman, Tech. Program Committee Conference Chairman

iv




Presentation
at
Award Luncheon
Jure 13, 1979

SPECIAL AWARD

Peter Haas
Defense Nuclear Agency
Retired

“For manv contributions 10 a strong and vigorous pulse power program through
sound management, steadfast conviction and farsighted technical acumen".




2nd International IEEE Pulscd Power Conference

Technical Program Committee

A. H. Guenther, Chairman
Alr Force Weapons Lab.
Kirtland AFB
Albuquerque, WM 87117

T. R. Burkes

Texas Tech Univ.
Dept. of Elect. Eng.
Lubbock, TX 79409

J. Farber
Defense Nuclear Agency
Washington, DC 20305

R. Fitch

Maxwell Labs.
Precipeco, Inc.

G244 Balboa Ave.

San Diego, CA 92123

W. Gagnon

Lawrence Livermore Lab.
P.0. Box 808

Livermore, CA $4550

A. S. Gilmour, Jr.
State Univ. of Mew York/Buffalo
4232 Ridge Lea Rd.
Amherst, NY 87545

R. Gullickson
AFOSR/NP, Bolling AFB
Washington, DC 20332

E. Kemp

Los Alamos Scientific Lab.
P.0. Box 1663

Los Alamos, NM 87545

T. Martin

Sandia Lab.

Dept. 4250
Albuquerque, M 87113

M. F. Rose

Naval Surface Weapons Center
Code F-404

Dahlgren, VA 22448

S. Schneider

U.S. Army Electronics Technology
and Devices Lab.

Ft. Monmouth, NJ 07703

I. Smith

Ian Smith, Inc.
3115 Gibbons Dr.
Alameda, CA 94501

P. Turchi

Naval Research Lab.
Codea 6770

Washington, DC 20375

R. L. Verga

Alr Force Aero Propulsion Lab.
POD

Wright-Patterson AFB, OH 45433

Local Organization Committee

Travis L. Simpson
Local Chairman
Texas Tech Univ.

Martha Smith
Conference Secretary
Texas Tech Uaiv.

Deanya Wood
Secretarial Assistant
Texas Tech Univ.

vi




2nd IEEK International Pulsed Power Conference

South Park Inn, Lubbock, Texas

Navalo Room Aztec Room Bronte Room Maysn Room Other

MONOAY, June 1%

8:00 0.m.-10-00 0.m. Registration
TUESOAY, June 12

800 um.- 500 om. Reqistiation

9.00 a.m~- 9:303.m. Opening Session

9:30 a.m 11,00 a.m. Plenary Session )
1100 3.m ~11:20 a.m. Coflee-Pario
11,20 3.m.~12:20 p.m. 1-Eleciron and fon Il-Magnatic 111-Pawer Conuitioning |

Qicdes Componants

12.20p.m= V4S5 pm. Lunech

1145 p.me NS p.m iV-Breskaown V-Navel Applications Vi-Pov:er Conditioning i

Mechanisms

B pm- JI5o.m, Cotfee-Patio

335 p.m. 505 pm, Vii-Switching | Vill-Acceletators | iX-Power Conditioning 1l

§:00 p.m.- 8:00 p.m, Cockait Party Patlo

(Hosted by |EEE
Sauth Plains Sect.)

WEDNESODAY, June 13

8:00 a.m.- 5.00 p.m. Registration

2:00 a.m ~10:30 a.m. Plenary Sassion 11
10,30 a.m -10:50 a.m. Coffee-Patio
10:50 a.m «12:.05 p.m * - X-Switching 11 Xl-Applications | Xilsinguctive and *

Capacitive Energy
Storage Systems |

1205pm+« 2C0pm Conletence

Luncheon- Patio

200pm« 315 pm

Xilt=3wiiching il

Xiv-Eiecito-Mechanical

XV-inguctive ang

Energy Sterage Capacitive Energy
Systems | Storage Systems It
Ji50m. 3350m Colfee-Palio
J3spm-5uSpom XVi-Switching IV XVil-Electro-Mechanical | XVII-Diagnostics ana
Energy Stcrage Miscailaneaus
Svstems !

THURSOAY, June 14
9:00 3.m ~10:30 a.m.

Plenary Session Il|

10.30 a.m -10:50 a.m,

Coilee-Palio

10:50 a.m +12:05 p.m

XI1X-Switching V

XX-Apgclications Il

XXl-Vacuum Powet Fiow

1205 p.m- 1’30 p.m

Lunch
130 pnm- JU0p.m XXH-Post Deadline
Papers {See
Builetin Board)
300 p.m- 530 p.n. Tours of Pulsed

Power, Plasma,
and Laser Research
Facilities at

Texas Tech Univ

Library of Congress Cataiog Card Number 79-90330

IEEE Catalog Number 79CH1505-7

vii




TABLE OF CONTENTS

Plcnary Session I:

A. H. Guenther,
Alr Force Weapans Lab.

Chairman:

PL.1 Qverview of Inertlal Confinement
Fusion (Invited)
G, Cantavan « « « v v v ¢ v 4« o - . 1

PL.2 Pulsed Pewer for Fusion (Invited)
- -la:bwl - L] L] « a4 = & 8 & e 3

P1l.3 Pulscd High-Current Electron Tech-
nology (Invited)

G- A- }“uym nnnnnnnn L] 9
Plenary Session II:

Chairman: A. Kolb,

Maxwell Lab.

P2.1 New Hydxogen Thyratrons for Ad-

vanead High Power Switehing

(Invited)

D. Twmqw.s«t R. Cardisd(, S

Fruiedman, S. Merz, R. Plante,

N, Rednhardt . . .. oL . . . .17

P2.2 Accelerator Module of "Angara-5"
(Invited)
S. V. Basenhov, 0. A. Gusev, Ju. A.
Istomin, Ju. V. Keba, G. M.
Latnanizova, A. M. Pasccinihov,
8. P. Pevehev, 0. P. Pechershil,
A. S. Perlin, L. 1. Rudahkov, V. P.
Smimov, V. 1. Chetventhov, 1. R.

Jampel'shéd . . . o0 o0 25
P2.3 Review and Status of Antarcs

(Invicted)

J.o Jansen .. . . . 0 . e e e e 31

Plenary Session III:

E. Abramyan, Institute of
High Temperatures, USSR

Chairman:

P3.1 Electromagnetic Guns, Launchers
and Reaccion Engines (Invited)
H. Kedm, K. Fine, F. Williauns,
P. Mongeaw . . . . . . .« . ¢ . 42

P3.2 The Near and Long Term Pulse Power
Requirements for Laser Driven In-
ertial Confinement Fusion (Invited)
W. L. Gagnon, E. K. Fxeyiag,
R.Fiteh . . . . .. ... O

Sesgion X: Electron and Ion hiodes

Chairman: R. Detweiler, AF
Office of Scilentific
Resecarch

1.1 Repetitively Pulsed Electron Beam
Diode Lifetime and Stabilicy
i"{- T: an L] . L] . L} . L} . - a

1.2 Voltage Distribution and Current
in a Cylindrical Relativistic
Diode
NoWoHowls © 0 0 0 00 000

1.3 Simulations of Intense Relativis~
tic Electron Beam Generation by
Follless Diodes
M. E. Jones, L. E. Thede . . . . .

1.4 Yon Beam Generation Through a
Moving Plasma Boundary
M. Dembinshi, P. K. Johm . . . ..

Session IXI: Magnetic Components

Chairman: K. Freytag,
Lawrence Livermore Lab.

2.1 Fundamental Limitations and Design
Considerations for Compensated
Pulsed Alternators (Invited)

K. M. Totk, W. F. Weldon, M. D.
uuga, W, L. Bird, H. H. Woodson,
H. G. Rylander . . . . . . . .

2.2 Use of Transformers in Producing
High Power Output from Homopolar
Generators
W. H. Lupton, R. D. Ferd, H. B
Lindstrom, 1. M. Vithovitshy y, D
Conte

2.3 Design of Pulse Transformers for
PFL Charging
G. J. Relwein . . . o « o v . ..

Session III: Power Conditioning I

R. Fontana, Air Force
Institute of Technology

Chairman:

3.1 Pulse Sharpering in Ferrite Trans-
mission Lines
M. Wediner

nnnnnnnnnnnn

6l

68

87




3.2 High Power Pulse Modeling of Co-~
axial Transmission Lines
J. P 0'loughlin. . . . . e v el 96

3.3 Light Activace’ 10 kV Low Jitcter
Pulser
J. 0. Gagbxaltn . . . . . « .« - . J100

3.4 Command Charge Using Saturable

Inductors
S. Black, T. R. Burkes

Session IV: Breakdown Mechanisus

Chairman: R. Fitch,
Maxwell Lab.

4.1 Investigations of Fast Insulator
Surface Flashover (Invited)
J. E. Thempsen, J. Lin, K.
Mikkelson, M. Krlstimwsen . . . . . 106

L~
.
115

Breakdown in Small, Flowing Gas

Spark Gaps

w. K. Cawr, Jx., 0. D. Lindberg,
JoW R . v v e e e 114

4.3 Elecetron Densities in Lasex-Trig-
gered Spark Gap Discharges
R. J. CuumBey, P. F. W{E&{ams,
Mo A, Gundexwsen, A, Watson . . . .119

4.4 Eleccrical Breakdown in Water
in the Microsecond Regime
0. B. Fawmeman, R. Gripshover . . .1

[
13

4.5 Pulsed Elcctron Field Emission

From Prepared Conductors

G. B. Frazde . . v v v v v v 0 . 127
Session V: Novel Applications

J. Farber,
Defense Nuclear Agency

Chairman:

5.1 Investigation Into Triggering
Lightning with a Pulsed Laser
C. W. Schubert, Jr., J. R.
Lippest . . . . .. P K v

5.2 Long ARC Simulated Lightning
Attachment Testing Using a 150 kW
Tesla Coil
R. K. GoLka . . . . . . .. . o . 4136

ix

5.3 High Density Z-Pinch Pulse-
Power Supply Syscem
W. C. Nunnally, L. A. Jones,
S.Sdnger . L. oL 000 0. 182

5.4 The Design of Solenoids for
Generating High Magnetic
Fields
P. Byszawshke . . . . . . .. . Y48

5.5 Analysi: of a Distributed
Pulse Power System Using

a Circuit Analysis Code
L. 0. Hoegt . . . . ... .. . 149

5.6 Determination of Line Voltage
In Self-Magnetically Insulated
Flows
C. W. Mende, Jx., Jj. P.
VanDavender, G. . Kuswa . . . .153
Session VI: Power Conditioning II
T. R. Burkes,
Texas Tech Universicy

Chairman:

6.1 Versatile High Energy Capacitor
Discharge System
u- N- "mtbl

6.2 A 130 kV Low Impedance Multi-
ple Qutput Trigger Generator
A. H. Bushnell and C. 8. voblue,
A. P. Kuichhwm . . . . . <161

6.3 Low-Impedance, Coaxial-Type
Marx Generator with a Quasi-
Rectangular Output Waveform
(Invited)
Y. Obana, Y. Sarato, C. i
Lee, T. Hashimozo, 1
Fujéoka . . . « . o . o o o oL 165

6.4 The Design Approach to a
" High-Voltage Burst Generator
(Tavited)
D. B. Cummings, H. G.
Hammon, TI1 . . . . . . . . + . .172
Session VII: Switching I

B. Bernstein,
Physics International

Chairman:




7.1 High Pressure Surface Spark
Gaps
W. J. Sarjeant, A. J. Alecock,
K. E. Leopold . . . . .. .. . .179

7.2 Parallel Combinations of Pre-
Ionized, Low Jitter Spark Gaps
W. A. Fitzsdmons and L. Rosocha.l84

7.3 A Streamer Model for High Voltage
Water Switches
F. J. Sazama, V, L. Kenyon, TIT (187

7.4 .ow Prepulse, High Power Density
Jater Dielectric Switching
D. J. Johnson, J. P. VanDevendex,
T HoMaxtin, . . 00 00000 2092

7.5 Contacts for Pulsed High Current;
Design and Test
R 195

7.5 The Early Counterpulse Technique
Applied to Vacuum Interrupters
Rl (v' u’(‘lo’b‘lc,l . . L] L] * . L] . L] . 198

Session VIZII: Accelarators

Chairman: I. Smith,
Ian Smith, Inc.

8.1 Development of High Current Elec~
tron Pulse Accelerators (Invited)
E. Abrnamyan, G. 0. Kuleshov . . .202

8.2 Status of the Upgraded Version
of the NRL Gamble II Pulse Power

Generator
J. R. Boller, J. K. Burton, J. D.
Shipman, Jh. . . . « o o o . . 265

8.4 Emittance Measurements on Field
Emitter Diodes
B. Kutke, R. Kthara . . . . . . .209

8.5 On the Development of a Repati-~
tively Pulsed Electron Beam System
G [ ] A . T“bi-pou ...... L] * . . 214

Session IX: Power Conditioning III

Chairman: R. Verga, Air Force
Aero Propulsion Lab.

9.1 Development of High Repetition-
Rate Pulse Power Generators
R. J. Sojka, G. K. Simeox . . . .217

9.2 Frozen-Wave Hertzian Generators:
Theory and Applications
M. L. Foxeler, M. F. Rose, L. F.
Rinchart, R. J. Gaipshover. . . .221

9.3 A 500 kV Rep-Rate Marx Gener-
ator (Invited)
J. Shamton . . . .. ... o, . 226

9.4 A High Current Pulser for Ex-
periment #225, "Neutrino Elec-
tron Elastic Scattering,"
C. Dalton, G. Krausse, W. J.
Samfeant . . . .00 ... 232

9.5 KrF laser~Triggered SF, Spark
Gap for Low-Jitter Timing
W. R. Rapaport, J. Goldhar,

J. R. Murray, M. D'Addanio . . .236
Segsion X: Switching IX

Chairman: R. Wasneskf{, Naval
Alr Systems Command

10.1 Effects of Surrounding Med-
ium on the Performance of Ex-
ploding Aluminum Foil Fuses
T. L.Berger v 0 v 0 v v w . 237

10.2 High Power, Very Long Pulse
Testing of a 200 KV Tetrode
Regulation Tube
J. Stabley, B. Gray . . . . . . .242

10.3 Withdrawn

10.4 Very Fast, High Peak Power
Planar Triode Amplifiers for
Driving Optical Gates
W. L. Gagnon, S. J. Davis,
M. M. Howland . . . . . .. ... 246

10.5 Vacuum Arc Switched Inverter

Tests at 2.5 MvA

R. N. Miler, A. S. Gilmour,Jr. .250
Session XI: Applications I

Chairman: J. Jansen, Los Alamos
Scientific Labs

11.1 300-kJ, 200-kA Marx Module for

Antares
K. B, Riepe, J. Jansen, J.
Bickford, W. Twwmer . . . . . . . 25




11.2 A Large-Area Cold-Cathode Grid-
Controlled Electron Gun for
Antares
W. R. Scanlett, K. R. Andraws,
He Jansen . . o v v o 0 o o . .26)

11.3 The Antares Laser Power Amplifier
R. 9. St:uxe, G. F. Ross, C.
Svenadll . . .. ... . 0. .265

1l.4 A\ Double-Sided Electron Beam
Generator for Kr¥ Laser Excitacion
LI Sc'b&étt L] . [ L] L] L] L] » . L] » .:69

11.5 Electric Discharge Characteristics
of Cable PFN Used as a Pump
R. R. Butcher, S. H. Guabaxani ,273
Session XII: Inductive and Capacitive
Energy Storage Systems I
Chairman: K. Whicham,
Lawrence Livermore Labs

12.1 Trident--A Megavolt Pulse Gener-
ator Using Inductive Energy Stor-
age (Invited)

D. Conte, R. D. Fexd, W. H.
Lupton, 1. M. VUithovitshy . . .276

12.2 Inductive Storage--Prospects for
High Power Generation
J. K. Bwuton, 0. Conte, R. D. Fead,
W. H. Lupton, V. E. Scherwren, 1. M.
Vithovitshy . . . . . « ... 4284

12.3 Considerations for Inductively
Driven Plasma Implosions (Invited)
D. L. Smith, R. P. Hendetson,
R. E. Redmovshy., . . . . . . . . 287

Session XIII:

Chairman:

Switching III

E. Kunhardt,
Texas Tech University

13.1 High Repetition Rate Miniature
Triggered Spark Switch
.'"o F- ROAQ, :'lo T. Gaa’lcy . . . 0295

13.2 Surface Aging in High Repetition
Rate Spark Switches with Aluminum

and Brass Electrodes
M. T. Glancy, M. F. Rose . . . .301

xi

13.3 Spark Gap Erosion Results
R. Petr, D. Bawnett, T. R. Burhes. 308

13.4 Long-Life High~Repetition-Rate
Triggered Spark Gap
H “’mo'i . . L] . L] [ ] L] L] L] L] . 313

13.5 Testing of a 100 kV, 100 uZ,

Rep-Rate Gas Switch

A. Ramws, J. Shamon. . . . . . . 320
Session XIV: Electro-Mechanical
Energy Storage
Systems I
Chairman: P. Turchi, Naval
Research Lab.

14.1 Rebuilding the Five legaJoule
Homopolar Machine at the Uni-
versity of Texas
K. M. Tolk, J. H. Gulty, R. C.
Zowarha, M. Brennan, W. L.
Bind, W. F. Weldon, H. G.
Rg&mde;, H. H. Woodson . . . . . 325

14.2 Computer Eased Electrical
Analysis of Homopolar Genexa-
tor Driven, Bitter Plate Stor-
age Inductors with Radial Cur-
rent Diffusion
D. J. T. Mayhalt, H. G.
Rylander, W. F. Weldon, H. H.
Woodson . . . ... ... ... .33

14.3 Testing and Analysis of a Fast
Discharge Homopolar Machine
(FDX) (Invited)
T. M. Bullion, M. 0. Driga,
J. H. Gutly, H. G. Rylandenr,
K. M. Tolk, W. F. Weldon,
H. H. woodaon, R. Zowarka . . . . 333

14.4 Pulsar: An Inductive Pulse

Power Source

E. C. Cnare, W. P. Brooks, .

Cowanm o + v v v v v v v v v o 4 . 343
Session XV: TInductive and Capaci-
tive Energy Storage
Systems II

Chairman: R. Ford, Naval
Research Lab.




15.1 Preliminary Inductive Energy
Transfer Experimencs
R. P. Henderson, D. L. Smith,
R. E. Rediovshy . . . . . . . .347
15.2 Application of PFN Capacitors in
High Power Systems
R. D. Paxker . .

15.3 Withdrawn

15.4 Safety Grounding Switches in Large
Experiments; General Consider~
ations and the TEXT Application
P. Wikdi . <355

15.5 Inductance and Resistance Charac-
teristics of Single-Site Untrigger-
ed Water Switches in Water Trans-
fer Capacitor Circuits

P. W. Spence, Y. G. Chen, G.
Frazier, H. Caluin. . . . . ..

Session XVI: Switching IV

Chairman: §S. Schneider, U.S. Army
Electronics Technology

and Devices Lab.

16.1 Hollow-Anode Multigap Thyratrons

(Invited)

H. Menown, C. V. Neale. . . . .363
16.2 High Frequency Thyratron Evalu-

ation

G. Hile, T. R, Buthes . . . . . 364
16.3 Repetitive Electron Beam Con-

trolled Switching

R. F. Fenisler, D. Conte, I. M.

Vithovitshy . . . . . . . .. .368

16.4 Orientation Independent Ignitron
R. J. Hanwey, J. R. Bayless. . .372

16.5 Stabilization of Metal-Oxide Bulk
Switching Devices with Diffused
Bi Contacts
B. Lalevie, M. Shoga, M. Guishi,
S. Levy
XVII: Electro-Mechanical
Energy Storage Sys-
tems II

Session

Chairman: W. L. Gagnon,
Lawrence Livermore Labs

xii

17.1

17.2

17.3

17.4

17.5

17.6

Session XVIII:

Magnetic Optimization for Pulsed
Energy Conversion

W. K. Tucker, W. P. Brooks, R. E.
Witcox, W. 0. Matkhiewioz, E. C.
Crare . . o . 0000000 . 38

Design of the Armature Windings of
a Compensated Pulsed Alternator
Engineering Prototype

J. H. Gully, W. L. Biad, H. G.
Ryfander, W. F. Weldon, H. H.
Woodson, T. M. Bullion . . . . . .385
The Mechanical Design of a Compen-
sated Pulsed Alternator Prototype

M. Bremnan, W. L. Bird, J. H.

Gully, M. L. Spawm, K. M. Tolk,

W. F. Weldon, H. G. RyLandex, K. M.
Tolk, W. F. Weldon, H. H. Woodson.392

The Design, Assembly, and Test-
ing of a Desk Model Compensated
Pulsed Alternator

M. Piehot, W. L. Biad, M.
Brennan, M. 0. Duiga, J. H.
Gully, H. G. RyLander, K. M.
Tolh, W. F. Weldon, H. H.
Weodson . . B |- 1.
A Compressed Magnetic Field Gener-
ator Systems Model

Jt El GOVM L L] L] . - . . . . L ] L] 402
Application of Subsystem Sum-

mary Algorithms for High Power

System Studies

F. C. Brochkhurst . .. .. ... 406

Diagnostics and
Miscellaneous

C. J. Jouys, Atomic Energy
Commission, France

Chairman:

13.1 A Computerized Measuring Sys-

tem for Nanosecond Risetime
Pulsed Accelerators

D. Pellinen, S. Ashby, P.
GeeLis, K. Nielsen, P.
Spence

oooooooooooo

18.2 Withdrawn

18.3 A 33-GVA Interrupter Test Facil-

ity .
W. M. Parnsons, E. M. Honig,
R. W. Warren




18.4 Analysis of the Multiphase
Inductor-Converter Bridge
M. Ehsand, R. L. Kustom,

R. E. Fuja . . G419

18.5 Distribvuted Parameter Model of
the Trestle Pulser
T. H. Llelman, R. L. Hutehins,
R Fesher « ¢ v v v v v v v v v W 425

18.6 Compton Scattering of Yhotons
from Electrons in Magnutically
Insulated Transmission Lines
K. L. Brower, J. P.
VanDevender . . . . « v v v . . 429

Session XIX: Switching V

Chairman: M. F. Rose, Naval
Surface Weapons Center

19.1 Simulation of Inductive and Elec-
tromagnetic Effects Associated
with Single and Multi Channel
Triggered Spark Gaps
S. Llevinson, E. E. Kwthardt, M.
Knistiamsen, A. H. Guenther . . .433

19.2 An Electron-Beam Triggered Spark
Gap
K. McDonald, M. Newton, E. E.
Kunhardt, M. Krlstiansen, A. H.
Guenther . . . . . . . . ... . 437

19.3 Low Jitter Laser Triggered Spark
Gap Using Fiber Optic
L. L. Hatfield, H. C. Harjes, M.
Keistiansen, A. H. Guenthen, K. H.
Schonbach. . . . . . ... ... 442

19.4 A 3 MV Low Jitter Triggered Gas
Switch
D. B. Cwrmings, H. G.
Hammon, 111 . . . . . . . . . . 446
19.5 Characterization of High Power Gas

Switch Failure Mechanisms

E. E. Nofting . . . . . . . . . 450
Session XX: Applications II

Chairman: W. Baker, Air Force

Weapons Lab

xiii

20.1 Balanced, Parallel Operaticn of
Flashlamps
B. M. Carder, B. T, MHewnltt. . . .454

20.2 Applying a Compensated Fulsed
Alternator to a Flashlump Load
for Nova
B. M. Carder, 3. T.
7 5 Y /% 1

20.3 Applying a Compensated Pulsed
Alternator to a Flashlamp Load for
Nova--Part I
W, L. Biad, T. J. T. Mayhall,

W. F. Weldon, H. G. Rylandex,
H. H. Woodsom . . . . . .. .. . 463

20.4 A Compact 5 x 10'2 Amp/Sec Rail-
gun Pulser for a Laser Plasma
Shutter
L. P. Bradley, E. L. Otham,
I. F. Stowerd . . . . . v . . . . 467

20.5 Fast Rising Transient Heavy Cur-
rent Spark Dawmage to Electrodes
Acllatson o o o v v 000 o 471

Session XXI: Vacuum Fower Flow

Chairman: T. H. Martinm,
Sandia Labs

21.1 Influence of Nonuniform Exter-
nal Magnetic Fields and aAnode-
Cathode Shaping on Magnetic
Insulation in Coaxial Trans-
mission Lines
M, A, Mostom . . . . . . N Y £

21.2 MITL--A2-D Code to Investigate
Electron Flow Through 'Jon-
Uniform Field Region of Mag-
netically Insulated Trans-
mission Lines
E. L. Neau, J. P.
VanDevender . . . . . . . « « . . 479

21.3 Magnetic Insulatijon in Short Co-

axial Vacuum Structures .
M. S. DiCapua, T. S. Sullivan . . 483

21.4 A Low Inductance Z.MV Tuée
Y. G. Chen, K. Masnima, J.
Benford . o . ... w0 e e e e 487

21.5 Withdrawn




.1
IRVITID

OQVERVILY OF INEATIAL CONFINDRMEWT TUSION
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Carmanzown, M 29767

Adbserase

Progress and plans for zhe U.S. prograx in inerczial
coniinenent fusicn ava Tavieved with esphasis on
the pulsed pover aspects of pellas driver zachno-
log¥.  The program has growva in fiva vears fzom
early experizanis at the sub-teravact lavel to con-
siruction of large Zacilizies capabla of paak pow-
a7 on larget of adous 100 TW. Driver technology
opticns have broadened Iro= gliss and CO, lasars

20 $aost wavelangeh lasers, elvczzon and light fon
bezzg, and high energy heavy lon accelerators. Ex-
capz Zer tha heavy fon drivers, near zara amphasis
has bean placed on single-shot systems to astadlish
selantiilc feasibilicy az greacly reduced costcom-
pared 0 rep-raze facilities. Hovever, as thepro-
graz develops attention nusz be given tc components
and subsyste=s necessary for rellable rep-razed
operation.
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TULSID POVIR POR TUSION®

To Xo MARTIX

ulsed Pover Systems Dapt., Sandia Laboratories
Albuquarque, ¥ev Mexico 37143

Abazries

Xavearch conductad iz suppoct of tha pulasad
pevar apzaroach 20 fuslon has resulted in the cra-
ation of an extandadla accalerator techaology that
c3uld Ye uged az lavels up o 100 TW and 30 M.
These ypes of accelararors are afficleat (about
30 0 30 parcent) and for lom outpucs in the ) to
3 M3 manga they zay pravide an spproach o elene~
mically Zeasidle 200 W eleczric powdr teactor,
Rapaticiva pulsing of che pulsed power syscem forx
>10Q os liZazinas muat be solved along with loa
beas zonzentration, bunching, aad drilzing.

Suamare
Aol

In thia papar ve firsc describe Sandia's
nodular pulsad pover approach and provida projec—
sions concaralng Zusura accelarators,

Setond, tha tachnoloyy Zor repetitively
nulzad (rap mace) accalaractors 13 ouclinad,
qnsouTaging Tesulzs ac 105 to 106 shots were
aseained which could lead co zaliabla, long lifa
jvscass,

Racent

hizd, 3 teactor scanario iz prasencad which
2388 tua uniqua capabilitias of the afficlent
~ulzed novar systams and plasma channul sranspore
af zhe parsicles 20 provide 2 samall, aconcaically
{2331ble svstes.

wncroduczion

Pulsad nower accaleracors originared ac the
Azomic Weapons Resaarch Zscablishsent (AWAE) during
1252-44 &n 2 proup direczad by J. C. Msrzin., The
{irsc applicazions ware flash radiography and
transiens radiacion 2ffeccs scudies and che Zlald
a3 iiversified zapidlv inco saveral areas. Some

3 tae prasanz applizarions are plasza coapression,

{ntense a-heam genaration, intensa light and haeavy
ion baam genaration, slectro-sagnatic pulsa tasting,
lightaning simulacion, and lasar excitation. Potan~
tially, tha largest ¢conemic impact of pulsad pawer
could be in alectrical power jenaration by inerciyl
conlinemant Iusion vhare tha relatively high afii-
clency of pulse povar drivers make them the optiaw
of the various mathods considared.

The basiu of pulsad pover zachnology i the
abilicy o score and switeh large quanticias of
anargy and pover aconomically. Tha tachnology en-
compassas Marx jenerators, compressad {ield genara-
zors, high voltage pulsa gransformars, triggered
and uncriggered svicching, pulse Zomming lines,
vacuum Insulation, sagnetically {nsulatad lines and
baam foraing dlodas. DPreseacly, currants to 3 MA
rising at 4 x 10""' amps/sacond and voltagas rising
e 4dx 1043 V/sacond have been athiaved. ha
accalarator for particle bdesm fusion research st
Sandia Laboratories utilizas asny of thasa new
tachaiquen.

Tha Sandia Zusion zccelaracor oparaciag sa-
quence begins with a Morx generator vhara anecgy
storage capacitors are charged in parallel and dis-
charged ia garies. Sinca voltage draakdown li=i:
in liquids are deterained parzially by sulsa langch,
short chavge timas ara {mporzant throughouc the
accelerator and low {nduczance is desirable. Tha
anergy flouvs from cthe Marx inzo the intermediatea
jJtore capacitor. & gas insulazed zriggerad swiszch
is then aczuaced o zransfer the {nceraediace store
capaclizor anergy o the water insulacad pulsa
foraing line (PFL).

2rL then provides =any curreat carrying channels

Uncriggerad swizching in the

for low {nductance and launches a $O as eleczzical




pulse tovards the vacuue Insulacor. Alzar pagsage
throvph the vacuua insclicor, ont of zhe wost in-
dugzive coxponanis in tha Accelerator, the pover
ey unit ares i3 incraased during iraaspors

through magnazically imsclated transzission lines
2> the 4f0des. The energy in tha «letiromapnatic
vave 42 zhen convercad to a paxzicle beam by 2
dlodt and guidad zo the zazgat by a mamatized
rlarza column which pravents baax disparsiou. Many
baans are formad and then aze ovezlapped on tha
target o provide fuzthar power comcanzratien.

Fig. 1 shows che progress snd axpeciazions in
achiaving pover densizy vizh alectrons, and Fig. 2
shovi similar daza for ion Seams. Pover densiziez
o? ~101= chaz are thoughz to & nacassary for
pallet Igmiziun,
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Beam Powver Densicies.

Tha zvo basic drivar approsches 30 XCT are
L1asers and parzicle bdeam drivers. Basically the
lasars arg aszomp in the abllizy to maximize povar
dansizy dut are vaak n afflclency ané zozal enargy.
The parzicle beam drivars raverse thase srends.

Tusion Accelarsror Technology

One ol tha imporzans reavizs from the Sandis
pulae poves progras i the demonitrazica of the
flaxibiifey and extandadilizy of she modular
approach to pulsed power, Fig. 3} shove tha hisiory
of the Sandfa ICT azcelarazor progran and projecii
for tha Iuturs.
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Fig. 3. Pazzicla Beam Fusion Accalarazsr

Output.

Ryd:al {s vater Insulatad wicth x single ouspuz
per line with a ) MV, 500 ki, 50 kJ ourpus.
Proto 12 {5 a tvo-aidad, zriggered ofl awizched,
2 MY, 500 WA, 20 ¥J accelarazor. Proto 113 is a
1.5 MV, 6 MA, 250 kJ, salf-breaking wazar swizched
accularator, and ERFA I has )6 modules and i3
designed for 2 MV, 15 MA, and 1 MJ. ERFA II wil)
ks 2 100 IW upgrada of ERFA I.

Fig. & i3 a cutavay conception of EBFA I whick
shows the modules and thair componaats. The outside
zsnk diamacer is 30.5 =, and ic is 4.8 a high. The
36 (6 wh) Marx :nncra:ors with a zozal enargy of
4 MJ are contained in a 4.8 2 by 4.5 2 annular
volume which is filled wich 1.9 =flifon lizers of
The Marxes
through 2 1.2 r diameter polyurethane oll-vacer

cransforaar oil, transfer their enaxgy
incerface insulator tc the 20 nf water insulaced

capacictor in abouz .6 usec. Thrae-megavol: gas




=odule can be fabricatad telacively quicly amd
inaxpensively to chack cowpatidilizy of components,
mnufsceuring tachaiquas, snd enginedring desizn
prior to main accalerator procursment. A f{{rst pro-
duction wodula {s usaful for physics axperiments and
20 acquaiat parsoanel with accalarator chavactar-
Zstics 1 to 2 years before the large actelarator is
avallable, Our first production uvaliz now belng
castad {8 showm in Fig, 6. %a sea tha incarmediaca
anazgy acora, tha S¥-4 gay svitch, the trigger iso-
latioa cofl, tha twe pulsa forming lines, the pre-
pulse Lsolacion shield, and the beginaing of tha
transalselon line. TFig. 7 shovs a different viaw

of the pulse foralog lines, the transmlssion lina
avischas ara then sriggared simulzanecusly and transformar and tha outside reglen of the vacwua
charge tha vatar insulazad pulse Zorming lines ia insulacor sgack. The sagnetically lasulaced zrans-
230 a3, Tan untrigescad polne-plana gaps par xission lines asd tha anode cathode arrangement ace
nodule zhan reldase a 55 o4 long pulse {rom the showm ia Tig. 3 and 9. Typlcal A-K gaps are 2.5 om
teaviniialon lines {=td tha )0 nh vacuua insulator. for 3 3 ca diamatar cathoda.

The Zanezator paves puile {2 thea conductead 20 the X
tazsac vicinliy by the 6.8 a loag magnetically
trsulazad cransmlzsien linea.

Fig. <. AL

I3TA I cutput parsmetars acze shown ia Fig. S
Zar dlancron basm oparaticn. In the light fou node,
33 nov 2ontasplaced, bess buaching dua o voltage
anaping and Yaax drifsing will provide uthaaced peak
power a2 the T373eT a2 3 Jocevhat lower outpuc
WP,

E3FA 2ASILINE DESIOH PATAMETIRS

LSE LENGTH ~ Fe1M.. )5 us

PEAR TONERcecueascess 30 TN

AR T e crenssenenas 150 MA

e) Fre U} R 14
NGy s senansaeness 1.0 M)

ENIRGY STORACE... ... 0f) insulared - &}
PULST FORMING...vooe. waCar inaulacad

JOHER TRANSMISSION... magnacically insulaced

Tig. 5. E3FA Projeczed Parametars.

ha zodular approach o pulsa pover hasx
3avaral advanzages. Flrsg, incensive scudias on
weponens raliablilicy and lifecize can ba obrained
.0 a=all =odules earlv In zhe prograz. Second, no
3ingla modula iizizs the zccelaracor performanca.
Tar {nstaace, previous Zlesigas, such as Hydra, hava
ri3e zize linfracions established by switch and

acues fnsulator induczance becausk of che basin

acealaracor physical dizensions. Third, a single Fig. 7. Hydraaite E:oné Seczion Viaw




Fig. 8. Mitea Mapnrazically lasulated Lime.

Fig. 3. Mite Anode Cathode Cap

SalZ-mapnetically insulated linas parmic ex-
zremaly high lavels of power conc;u:ru:ioaa’. The
sagnatic flelds Zrom precading electrons trap
Zollowing elactronz and return them o the conduc-
tor Zzua vhich thay wers emitzed. This process
inhinits zhe vacuum breskdown and electric Zields
of 2 MV/e= in the main transamission lines and

7 Mv/ca {n A-~K gaps are obtained. These fields pro-
b ]
vide up 20 .16 W/em™ for abouz 40 ns and allow for

={nimal particla drif:z distance to the target.

If che EIFA 1 modules are used in the full
s01{d angle ocher zhan just u plane, then very
large outpurs aze obtainable as shown {n Fig. 10.
An extrapolaced level of 400 TW and 16 XJ is pos~
sible. Anocher sechod for obcaining higher ouzpus
would ba zo upgrade che presenc module. This is
also shown.
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¥ig. 10. Presenz and Possille Accalarazor
Ouepucs.

Rep Rata Operation

A JOO kY, 100 Mz, JO XW average pover 9011126
has Hee2 in operazion a: Sandiz sinca Septembar
1977, Efficient relliadle pulse pover systeas uicth
long 1ifacime (207 shozs) will be needed for ICT
resctors. Continuous oparazion £or extended pariods
wizthout major aaintanance or rapair are raquirzed.

The 30 kW rep Tate systee i3 shown in Fig. 1.
It consises of a low voltage capacitor bank, a volz~
age srap-up transformer, 2 pulse forming line {(PFL),
3 high volrage svitch, and a load rxesistor or a
diode. The system usas 3 dual reasonanca tranaforswr
for chargicg the PrL to provide maximue affiziancy.
The pulser has provided pulses for savaral hours at
tha vate of 100 pps. Approximately 10s shots have
beea Iired vitk no major compodent fxilure.
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Tig. 11. 350 kV, 100 ppa, 30 k¥ Rlectron
Baam Acceleratey

The initial problazs of switceh erosion and
vacuuz diode oparation under repecitive nondizions
have baen investigatad.




Ficss, che swisch arasfon vaz shovn 2o have

HIGH WLTAGT SITOH

negligivla Cf!";- Fig. 13 shovs the time of Mss loss, large alectrede {Clkonite), m 0,382
braakdown for 10 eonncc::i*t shots, The szacdazd Mast lots, smalt electrose (Clkenize), gu 0,187
¢ e 1.0% of the aonin -
daviation i3 as ov feo « aondsal draak CMarge tramtfer par SMt, covlomes 8.5 1 308
down voltage, Thia daza shovs that thera aheuld
3 no prafizes for criggered swizch opavation at a Charge trantfer :°‘“:’ couloms 50
reasonabla osarating poiat wuch as $0% of the sal? Action per shot, smp'-sec §
draakdown voltage. Action total, l-pz-lcc s x 108
HIGN VOLTAGE SWITCH Ircsion, g/couloms
120000 BREAKOOWN TIME STABILITY Larpe lectrode 5.4 5007t
Saall alectrode 29 s 10!
Trotion, -m-pz-uc
— >t Large alecirode 72108
Lo t -3
“ Sae)l electrode 4x10
‘ Tig. 3. Migh Volzage Switch Paramatars
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of 10% ahots at 1000 Alfca® seoda loadlag., Fig. &
shovs the asoda and cathode. Tha cathoda Dacame 3
poovar amitcar with Increasing abots. A zeana to
restNre the 2atheda's amisgion characzariscics by
carbonizing the Clth;‘. vas demoastracad. Tha
dioda parametars are shown ia Fig. 15,
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Wigh Valtage Swizeh Stabllizy

Tig. 13,

Repazizivaly Pulsad Ancde Qathode.

REPETITIVELY PULSED
ELECTAON 3EAM OIODE

Tha awiceh liZeciz=a daca shoved a swdzch aro-
afon ace of 2 x 1070 ea¥/ahoc for a dangicy of
13 ;::c:‘. iz vas esci=atad chav a zesoval of 12
c=3 would widen the gap spacing and increase the

fig. 1A,

Yeedkdown voltage by 105. These nuabars provide an 02
astimazed lifeciza of 5 x 103 shots, Tig. 13 200 ¥
<avails she 700 WV ouspuc swizeh asc, 20 XA 2
; 1.5 XA/en
Jecand, 3 300 2V, 19 %A aleczron baam diode 10 B:

Repetizively Pulsed Zlecsren

438 3houn 0 atve xn dperacing lifezize of at least
3ean Dicda.

Flg. 13,
129,700 shees with a projeczad 1ifatim=e In excass




Fovur Reasiay Concent

One possidle 200 Mie Teaczor syatam L5 showa
in Fig. 16"'"~ The anargy storage s«ction con-
2aling the primary anergzr itore, elithar cspasizive
or Anduetive. The eanigy 1 comprussad and pulse
shaped as previously cullined and then transmizted
shrough the containmen: vall up o tha reactor
chazbay by sagnazically imsulated powur 1low
Lines.

Tiz. 16,

Parzicle Baan Driven Raasczor.

The reactor chambar is small (2 = radius) and
will coazain 80 YJ/pellats at 10 pps. Approxi-
2ataly 2 ¥ of baan anargy {s suppliad te che gaia
30 pellat. The reactor chambear comtains 50 forr
of neon~halium which absorbs and moderazas the
pellet energy. Llaser {niciated chanmels which are
heazed by a capaczive discharge comduct tha par-
zicle beas zo che zarget. A larger viav of the
beacline geomatzy is shown in Fig. 17. This shows
the guiding laser baam, vacuum insulator, contain-
sant vall, and dual vace vindov arrangemenz. he
»anes opan for an inscanc %0 allov besa passaga
and then close to mainrzain the znoda cathsde
vacuun,
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Fig. 1§ shovs affluiancy afleczs on powar
actors. .\'a L the driver aliiciancy, Qd“ is the
pellac gair necassary to provide a 735 umaful ous-
puz. Thia maans cthat 253 of cthe amargy will be
Tecirculated 0 pover the driver. The effect of
wlliciancy on reactor chambar size and pallac jgain
are drasacis.
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Tig. 8. Pover Raactor Comparison

Cenclusions

The modular ICT pulsed pover conzept has pro-
vided tha possidilizy Zor syscems vanging o 1000
IV and J0 U vizh modast improvesants in fechno-
logy and Jurther Lmprovemenzs iz relisbiliy. ™ha
tep rata capablility of thesa syszems appears good,
but the dats base 12 small and expansion of zhis
area is neadad. A reactor design indicates zhaz a
amall, aconomically feasible power plant may Ye
possidle using this pulsed pover zachnology.
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FLLSED NICH-CURRENT ELECTRON TEQMNOLOSY

Go A Misvazts

Righ Curreat Eleczronics Instizuza
of Academy of Sclamce, USSR
Siberian Iranch, Tomsk

Abszracs

Tha use 07 high-pover pulse tachnology acd explo~
sive elictron enlssfon eaadlan one To cometruct new
pulsed ¢lecsron davices. Tha pracent Taport givas
tha rasulis of an fntensive lavesatigazion of high-
pover pulse ganeration, slactTon beam geomatry and
the application ¢f thesa beanms to the produccionof
ulers high Izequency, laser and X-zay radiation.
This repors is based on resulzs ebained st the la-
saitute of Righ-Curvant Elactrenics.

3ulse Generazion

Swizchas
70 devalop nancsecond high pover pulse generators
one should have suizchas which exhibiz largedi/dc
charactazristics as wall as nanceecond trigger jic-
Tar.  Praviocusly, 1 matnod had been suggesced for
controlliag megavolt gas spark gaps using nanosec-
=d duracion electron beams [1]. Tnis approsch is
based on rapid alectric-2iald distorcion vhen an
dlactron deac vith opzimum values of heam curreat
and povwer are {njeczed into tha gap. For a dis~
charge volzage of 2 x 10°V, a dalay 2ima, T

13 2 1 ns, has badn abtained usiang a 200 keV elec-

zron beam of 20 ns durvation and a daam curren: of
5 a I2,3).

he characcariscics of trigatron mugavolt switches
vas 2130 {nvestigaced[Z,5] (rix. 1), Iz has beende-
zar=ined that with such triggering, nanosecond de-
1ay tines can be achieved only vhen the {nitiation
{3 carried out with electric fiald distortion ac

the 2ip of zhe ctriggering eleczzode. 1t is naces-
sary that the discharge davelops simulzaneously in

the nain gap and rriggering region.

The depundence of the delay ta and trigger stabil-

iy + 34 vere investigated for both polaricies of
the gap, the applied voltage Vp and triggering Ve

- a-me

voltages. Tha lovesz % aad:-: 3q were obtainad Zor
a+V, and 2~ 5y Fix. 2). This reaule iz axplainad
b the fact that the inicdal stage of
breakdovn process L5 a point (2rigges aldcirode) 0
plane (Sasic alectroda) dixcharge for vhich thers
i3 & well known polariey &flect, Z.a., L{ tha point
has pesitiva polarity the breakdown voltape is sig-
ulflcantly lowar than &{ it is chargad negazivaly,
Wicth a dircharga volzage of 106? ad Voo 1o5v ve
obtasnad 3" $ = 0.5 ns (Fig. ). Using trigazren
zriggearing, mlzichannel (up to § channels) svicch-

tha trigazroa

ing vas achieved in mcgavolt svitches.

1"

J
BN

Je |

%
M schome of SAle < chonntl (rigetron,
K2= (At mein ofrciroens; 3+ (it irisgecing sivtirese,
Lo = ine mein gus: & e irigeering gep;
Vi = Ihe mein votrope; V, * Ine trieporing Yoliewe

‘t

rig. }

The effect of gasecus =ixtures (sre, iy, AT, H:) on
triggering and comeutation characteriscics of =aga-
volt svitches vere Invescigated. It was found that
the addiction of Ar zo high dielectric strength gas-
es such zs 5?6 ™’ decreases tq and %a and iz-
proves zulti-¢

centrations o.

operation. However, largecon
. « gaseous nixture increases
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2ad svitehing tiza (Fig. +). Therafora, o isprove
candicsons fov parsilel operation of 2 large num~
Yar of spark chanaals, ona sheuld uie amall (up 20
IUR) addizlona of Ar which do not resuls im signif-
teant degradation of tha zwitching procass.

1

M =2 a ot
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Marx 2ulse Canarstors

In sowa cases, in parcicular for parallaloparatien
Marx pulse genaractors aust be triggerad with axin-
imua varisnce In trigger delay. A Marx generacor
with operating voltage less than J MV has baen com
scruczed using threa-alaczrode gaps in which the
central eleccrode is capacitively coupled co that
of the preceding stage. Tha genaractor was son-
scructed with segmantad stacked sctagesd and i-marsed
in a column of oil. Along the scages thare is a
coluen of raps vhich, aftar aach firing, 1is Zlushed
and refilled vith drv air at pressure of 1-2 at=.
“han operatinm into a 170 ohm Ioad, the Mary gener-
ator zean delay tizme is 150 ns with an operating
tinme jictar of 5 ns and outpuc voltage rise-tize cf
60 ns. The charging volzage per scage is 85 V.
The generator's self-{nductance is 13 uH and con-
tains 13 stages. Pressure control in the zap col-
uzn enables one co adjusc the delay cize from 350
to 550 ns. The gererators can operata boch inde-
tendently and in parallel and are principally used
for suicch tescing. One of the above generaters

A3N act as a prizary storage for an electran pulse

atceleractor using a wacer dielectric. The acceler-
ator has the Zollowing paramecters: an eleczran




heaz voltage up to 1 MV, beam eurreaz -~ up o 300
¥A, pulse-duration of cthe electron current is 70ns
Through a concrolled cozmutazor a singly stozage
1ine of 39 ohz impedance Is discharged through a
eoaxial transformer of 2.3 ohn ispedance, The
alectron beazm {3 forsed 4n the diode, coniaining s
disk insulazor. The {nteralactrode spacing dbeing
of che order of 1 ex=, ratfo R/d ~ ) (2 » radius
of cathodd). Using the accelerator, va have in-
veszigatud the regizes of alectron = beaz geometry
iz dlodes vith 2 large value of v/y. To analyze
che plasza generated {n the diode, lasarscattering
0fZ plasma aleczrons and intearferomelry ate usel.
Due to the vary lov jitter {a the opcration of the
Marx geaarater and gap, good coincidence of elec-
Tron cuzrent pulse and laser diagnostic devices

wvas achieved in the acceleracor.

The “dodula" Inszallacion

T tha Inszizuza of High-Curreat Electronics sever-
al pulse generazors have baen consiructed, each of
vhich {s used Zor various inveszigations [5]. One
0of them, the "a0dula" installaction, has the follcw-
ing patasezers: output voltage is 2.] MaV, cur-
zent - 2,9 MA, total stored energy - 100 WJ. The
installazion conalsts of aix parallel coaxisl lines
vizh vater insulation discharged through gas gaps
(Fig. 5). This
A1l six
ines are incorporated into 2 coomon vessel and

into a commson transaission line
line {s chen diachargad iato the load.

charged wich & pulsed linear transforaer during
-5
1.4 2 10 s,

strucced as o set of 14 similar sections. Each

he pulsed linear transformer iscon-

section includes two transforaer stages vhose pri-
zaries axe connected {n parallel and the sacondar-
ias {n geries. The prizary energy is stored in
four capacitors. TtThe tranzformer has a ferromag-

netic core.

The "Module" installacion s used for investigacting
cagnetic cozpression \ § elecirically vaporized thin
eviindrical liners. MNiwmerical calculations =made
using zagneto-hydrodymavic coxputer programs shov
cthe ¢fficiency of suc™ v compression method for
obtaining very high plasza velocizies (2 x 107

cz/s), high densities and temperatures (some keV).

A calculazion {37 the "Module" instaliatlon indi-
cctes one can achiava a cospressional spead of 107
=tz and te=oavatures of 1 kel
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Righ-Frequency ;;1sdd Electron Accel:;stor

A relativiszic alectron beazm accelarmoy with pulse
rapatition frecuescy of 100 Hz was constructud au
tha Instituce. The elaczzon anargy vwas 5 X 10° oV,
current - 5 x 103, pulse duration - 25 ns with
rvise time of 3 ns. A pulsad Tesla transformarbuilc
in the pulse-forming line was used as a charging

arzangemant for this line (Fig. 6) [7,F]1.

High spead xas Zlov betvaen the pulse sharpening-
gap tlectrodes was exployed 2o obzain low jicter in
the pulse generator. It was shown that at thegiven
pulse repetivicn frequancy, a jiczer lower than 1X

could be obtained by selection of proper gas I{lcus.

The electzon beaz vas forned in a foillass coaxial
diode whose cathode vas placed in a homogeneous ~ug-
netdc field of 5 x 107 Oersteds. The beam vas trans-
ported in a cylindrical vacuuz wave guide wizh the
beam being deposited on a cooled collector. Studies
of the vacuum diode operating stability showed that
variance of the total diode current and cathode vol-
tage pulse paraneters depends on both the cathode
zaterial and the electric field strenpth at the e-
aitting surface. Reproducibilicy < 10% could be
achieved in diode current and voltage.

This accelerator was used in the construction ol a




Bigh-powas Na # Av lacar (Gfficiency ~ 1.5X) (2],
and for construczing & puliaed 100 MW =iczovave vadi
ation zeusrator (prf ~ 50 Hz, efficisncy = 103)

[10].

Procesaas {n Accaleracor Diodds

Tha Macar{sl and Shiape of FTaltcaers
AT preddnt, exploidive eaalcttazrs of various matierials
and ahapes are used 4a cathodes. From the litera-

ture it i3 often rot clear in what way the aafzzer
saterial and geosatry are choseaa. Sinta explosive
axlzaion leads to emitter arasion, it is obvious
that for long-lived explosive - cathodas thosamest
prefearable are eaitzers vith constant cross gactions
as 2 Zunction of hedighe (folls and wires).

A controlled nuaber of emitiing centdrs on thecath
oda of a larza surface can ba ensily creatad using
chin-vira cylindzical eaitzers. Hovevar, ia this
case, some problams arize concerning the cholce of
natarisl and optlizal emitzar diametar, {.a., a dia-
seter for which the ¢lectzic Ziald screngeh i3 suf-
{tetent for axciting axplosive azmission duriag the
pulsed volzage tisdciz=e vhile, on the other hand,
laading o =inf{mal exitfar erosion. A study shoved
that for aach specific set of operating ccndizions
thaze 12 an opeizal diazezar whose valud lacrdases
xith pulsa duraztion and curreac amplitude. The fz-
zartance of the opcinal diamecer i3 lllusrraced in
fle. T

A$ 1 rasulz of breakdown, erosion characteriscics
and parazecers of originazi.g whiskers were Jeter-
z=ined for several ¢micter z~cerials. From this
3tudy 4 gec of =acerials preferzed for creacion of
long-iived axplosion-emission cachodes was derived.
Iaitcars zade of different nateérials having ideati-
el geozmetry ware sested undar sizmilar conditlons.
he zesults of thesa experiments presented in Figs.

3 and 9 indicate that copper amitters have the bast
#rasicn repreducibilicy.

c:lindrical :opper emisterzs are arelerable Zfor con~-
jtructing explosion-enissive sachodes <f large sur-
ace area for operation under repezitive firings in

diodes evacuated by standard oil vacuun pu=ps.
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Magnezie Insulation of Diodes

At prasent, high-curzent hollow elactron basas fora-
ed in follless diodes with magnetic insulation
(Fig. 10) are widely used in ultrahigh frequency ap
plicazions. Recent investigations of magnetically-
insulated diodes, an excension of our work published
in 1970, shoved thaz the current pulse duration is
lixized by a breakdowvn both across [f5] and along

3 zagnacic field as a result of cathode-plasma ex-
pansion. Tha breskdown vaelocity across a magnetic
£ield of 10%0e 15 5 - 8 x 103 cx/s, and along the
£2e1d 2 = 3 x 107 ra/s.

the magnetic field can be decreasad by a factor of

The breakdown speed ac-oss

2 = 3 vhen the cathodes ara constructed of separa-
ted enission centers(16). The study showed that (n
a magnetic field the plasma homogensity at thecath-
ode increases. 1t vas shown that by decreasing the
screening @ffect of the magnetically confined alec-
txon layer as well as by aultiplication of enissive
cencers, improved performance results (17). Fijure
11 {lluscrates the growth of the eaissive boundary
vith reference o the initial center of emission.
The study showed that using cathodes with explosive
eaission in the magnetic field enable one to attain
a highly stable hollow elactron beam with acurrent
uniforzity of berter zhan 12,

Theoretical 18] and experimental [19] investiga-
tions of the perveance of cylindrical magnetically

insulated diovde were zade. The most Important con-
clusion of the theory (using the strong guiding mag-

netic Zia3d approximation) s thaz the elaceronan-
gy in the drifz wube can be tvice (or mora) as
larze as the initial energy of the baaz, vith tha
current being equal to the limiting genarator sys~
Tem curxanz. Measurezants performad of daxacurzent
and potenzial for these hollow beane are in a good
agreesens vith tha results of the analytical and
numarical calculazions, This snadblas one to con-
tlude that ctha baam current is deterained by theac-
caleration space It the diode rather than baing
linited by tha genarator systez, as has bewen pravi-
ously suggested in a number of theorezical and ex-
perimanidl works.

Righ Pover Gas lasers

Investigations of pulsed gas discharge lasers sus-
tained by an electzon beac ware made at the Inszi-
tute [20-22]. Our arsay of electron-beaz accelera-
toxrs and pulsed pover supplias allowed a parvametric
investigation of discharge charactariscics (energy
content, volt-ampare characteristics, and sctage
volume) to be made over a vide range of pulse dura-
tions from 10°Ys to 107%s. Cuses studied inclnded:
nitrogen, CO; + Ny and mixtures of nable gasas vith
halogens Ar + Xe + NF5, Ar + Xe + CClg, aze.

Using the resulcs cf chese investigations several
expezisental lasers have been constructed.

(a) "LAD-1" - a laser operating at atmospheric
pressure with an active volume of 10%¢. The laser
uses ¢ mixture of COy: Na: He in the racio of 1:1:2
An electron baawm was injected through an apaxzure
vich a cross section of 10 x 100 c= covered with a
titanive foil of 50 um thickness.
beaa density of 1 .\Icn2 and a pean elaectron energy

With an eleczron

of 200 keV for a duration of 10‘65. the energy in-
Jected into the gaseous volume was 4500 J, and raii-
ation energy (A = 10.6 um) was 500 J.
efficiency wvas 30X.

The laser

(b) "LAD-2" - a laser with an active region
volume of 270 1. Thz electron-beam cross section
vas 30 x 300 ca. An eleccron beam of 0.4 A/ca” den-
sity and 2 us duration was exploved to excite the
nediun, Laser operation was very stable at a field

strength of 4.2 kV/ca using a mixture of €02, N2,
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The¢ povar source was a capacicar bank of
The

,rld H'q
1S .F capacitance charged to 123 RV voltaye.
laser outpuc was 7.5 WJ, an afficlancy of 25X,

(2) A tumadle €Oy laser covaring the rangeof
A
3nooch tuning vas obtained over tha alorementioned
Tadividual K and P Lranch ldnas
uere eagily identifliable over a cange of 86 eal,

9 to 11 .z at 6 actm pressure af COx: Nz » 1:l.
specezal range.

Spectral frequancy wcanning vas accomplished by
cse 0f 3 diffrsccion gratiag. The outpuc anergy
density of this cumabla radiacion vas § Jlem? ac
the line cenzer with & 30¢ swdulacion iz between
linas. ?ulse ducacion vas 40 ns.

(d) Saveral ¥xciner lasels ara being invesci-
gacad which are exclted by both an elacsron béam
and a sustainad 2leceric discharge. Using the e~
baam axcized z=ixsure Ar + Xe 4 CCly, XeCl nolecule
radiacion () = 108 nm) with a cadlacion power of
10 J/1 aad an efficlency of JX was obrained.

A &ischazge supporcad by a 50 nsec e~baan ¢nables
one o excite XaF and XeCl to output pover of 1035

'.JI:::l wizh pulie duration 2 x 10-85.

Pouazrful Mano- and Subnanosecond X-rav Pulses

A 3eries of 3 pulsed X-ray machines with radiation
enargy from 90 ¢o 600 keV was daveloped and manu-
factured in cha USSR Zor flaw detection in =materi-
als. Tha use of nanosecond pulse generactors and
Yezay subes based on explosive emission jaraitted
the reduction &n overall size. Furthar decressea

{n che nanosecond Y-ray emiccer sizes is linmiced by
the non-ceproducible breskdown characteristics and
v cha value of the anode-cacthode zap in cthe vacu-

un ¥-cay tube.

invescigations of vacuus diodes in the subnanosec-
ond range showed thac with pulse duration shorzer
chan | ns che incerelactrode zap value can be de-
:reased to 9.1 ~ 0.2 == without danger of its
ghorting by a cathede flare plasma. The curzenc
iensizy at the anode :an Se raised 2o 108 g/cz®

without the use of special focusing devices, and

the tube vacuun {nsulacor sizes can Jecrease siz-

nificancly [25]. e wvere able to construce a =ini-
acuza X-ray tube of 10 zm diazezar, poverad through
s section of coaxial cable (7.5 wm axternal diameter
and 30 c» £n lengeh). The pover supply vas & nano-
second genarator from tha X-ray dewice ¥IX-id (rig.
12) vhich charged a subnanosecond pulie foraingline
over J = 5 ns, providing a high aver~-voltage on
the sharpening zap. 2ulse duracion wvas limized with

a crovhar swvitch.

Yeasurements, asda using a magnetic analyzar, of the
alectron enarglas in the tube, shoved thac vhen
charging the pulse zoraing lire to 130 kV for a
pulse duracion ~ 0,5 ns, thy voltage {n the tubevas
80 ~ 100 kV. Qutpur vas liaized by iine and sharp-
aning gap losses.
par pulsa at the distance of ) ca from tha ancde)
vas achiaved with an anode-cathode diszance of 0.2

The amxizux radlaction dose (30ar

=m. MNovevér, in soza cases, holes of ¢.1 -~ 0.15 ==
d{amater vare produced in the 0.1 =m thickness tung-
stean annda.
tha dose to 25 at/pulse, dut provided 3 prolonged
Rasules did not

depend on pressure variation {n the tuba over the

Increasing the r3» to 0.5 = decreased
oparation of the tude and anoda.
cange of 107! zo 1073 coxr.

In this reginme the electric-fiald screngch ac the
{inner cotiductor of the coaxial cabla {s ! MW/e3;
therefora, its lifecinme i3 limited co 109 pulses, ac
vhich tize the cabla {s replaced. It should be
noced chat the {zpadance 2f a1 cabla insulacion
breskdown (singla-chacnel) iz so high chac it does
A halving of
the dose par pulie was observed only with the ap-

not in fact influence the dose value.
pearance of 5 to 6 breakdown chanrels.
The dose value and siall size of the tube focus can

make it very useful for flaw dececcion of {ndustrial
goods with both narrow and bng cavities.
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ABSTRACT

Recent advances in high power switching have led
to the development of new hydrogen thyratrons
operating at high prr and high di/d: with low
Jitter and long life.

Short commutation times, dependent on internal
pressure and geometry, and on the method of
trigoering, combine with {nductance hﬁ than 1/4
nh/kv to give di/dt on the order of 101 mperes
per second. Experimental results are in agreement
wlth}:hose predicted by newly derived theorgtical
models,

Operation at pesk currents up to 75 ka has been
achieved for 10 us pulses, and much higher cur-
rents can be achieved at shorter pulse widths,

Tests at 1 MW of average power have verified
thyratron scaling laws it tens of mperes average
and k{loamperes r.m.s. Thyratron operation a:
average power levels far in excess of 1 MW {s
possible,

NTR 1!

Hydrogen thyratrons satisfy the switching needs of
many repetitive pulse power systems. Thyratron
designs originally developed for pulse radar use
have proven to dbe sufficiently fiexible to accom-
modate a varfety of applications quite different
from radar mydulators. However, new switching
requirements have arisen that cannot presently be
met by existing switches of any kind, and pro-
Jected requirements are even more severe. In
generzl, a ten-fold increase in thyratron capabii-
ity {s necessary to meet present requirements, as
shown in Table 1.

Hydrogen thyratrons are desirable in many new
systems for the same reasons that led to their
original development. These are: 1) 2 repetition
rate capability of some tens of kilohertz, limited
by hich voltage recovery times of a few micro-
seconds; 2) life of thousands of operational
hours, not limited by coulomb or pulse count; and
3) 2 very low time jitter (lass than 1 nanosecond,

with a power gain of the order of 107 to 10%, end
a stadle, very low conducticn imoedance.

The inherent advantages of thyratrons over other
types of switches mandate the extension of thyra-
tron tecnnoiogy to much higher voltages. currents,
and power levels,

Table 1. Presant thyratron maximum ratings vs.
new switching requiroments
Typical lomed{ .ce
Standard New
Thyratrons  Requirements
YOLTAGE HOLOOFF {kv) <45 50 to 250
PEAX CURRENT (ka) <5 20 to 50
di/dt (a/s) <1010 0.8 to
5 x 1012
AVERAGE CURRENT (Adc) < 5to 50
PEAX POWER (W) < x 108 109 to 100
AVERAGE POWER (Mw) <0.09 0.1 to 10
HIGH di/dt

We have been studying tube operation at high di/dt
up to 1012 mperes/second, in a regime where

the tube itself has a significant effect on di/dt,
We have {dentified, analyzed, and controlled the
major factors that determine the rate of current
rise, These are: 1) the trigger plasma density
and distribution at the onset of commutation
(determined by the grid configuration and the
methad of triggering); 2) the plasma growth rate
(determined by the fi11 gas gressure); and 3) the
effective inductance (determined by the distribu-
tion of the internal discharge as well as by the
geometry of the tube and its external current
return).




Iriggering

To achieve alnimum switching delay and ouaxizom
gircuft di/de, the tube =ust be designed for
tueh vperation and the correct method of trig-
a-ing nust be used.

" =atab the test iaftial conditions for comwy-
taifoq, 1n2 trrgoer discharge must establish a
relat.. gl high 2lasma density near the cathode
wvarface. T abtave low inductance, the discharge
T i 92 Luragd e the cathode surface o the
gt datent. ¥ t'd this process, an auxitlary
Doeoama agd ge o Is waide Flgurs 1 shows
In euuerlaaﬁ;.a. lox-inductanc. w.iga. The
auxilfary grid, 3i, Is located hets*en the
cathode ixd the control grid, an ‘ts geometry is
designed to confine the trigger plasea nedr the
cathode.

To Jully form the discharge tefore comwtation,
the auxiliary diccharge {s prepuises, witi, as hiah
3 current 2s s practl nible. We lLase had good
results with an auxiliacy driver which produces an
open clrcuit voltage of 2 kv with a source imped-
dnce of 10 ohms, ind 2 l-us pulse width., Higher
drive has not produced cbsarvable improvements
w#ith 3-inch and 1.5-inch diwmater tudes,
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Figure 1., dY-5213 thyratron cross sectien.

i nien zyrrent auxiliary grid prepulse is neces-
sdary but not sufficient to achieve high di/dt.
shen tha ton density near the arid baffle aper-
syres ~aaches 3 hign enough value {apparently on

the order of 101! fons/ead), the tuie will eov-
mstate, regardless of the state of the g iaha g+
nedr the cathode. [f a weak awailliry ~urrooz g
used {&.g., 20 to 100 =a), trigoering den, .+ »ii}
not be rxachvd, and 2 separate contral -2 aulsy
nust then de used to trigoer the tude Thes iy
undesiradlie; wt have previously repor:ad e
di/dt s lower when the trigger pulse Is wplimd
0 the control grid as cpposed 0 the v /ilxy
grig(1),

One way to avold these Jifficulties 13 (» mskes
the interclectrode spacings (and wbipurar o'7fus
sfon times) large, However, long spacings iarg
{nimical to low fnductance, and for the purpo.nx
of increasing di/dt, neqatfve blas can rerva the
same tnd. In the xample of Figure 1, the elec-
trode spacings are reduced 3¢ 2-4 om.  To prevent
premature commitation, negative control grid hias
s used. Flgure 2 shows tha effect of das on 3
cisilar (but slightly smaller) tube, The ef'fect
of the Mas is to lengthen the time available fao
the auxiliary current to grow and to spread on
the cathode. A small dbias produces a significant
Increase in di/dt.
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Figure 2. Effect of negative control grid bias on

anode current rise.

The increzse in di/dt w«ith increased comrutation
delay is in ccorg #ith reasoneble plazma proguc-
ticn rates (106 o 108 icns per second). Calcu-

lation of the affects of bias as shown n Figure
ylelds a
25X increase.
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increase In di/dt: Ae have 2bserved




Commutatfon

Madels for "he Commutating Thyratron

We have now develcprd models for the hydrogen
thyritron that cian predict the behavier of
thyratron-switched pulse circufts, We issume that
the thyratron can be modeled by two series ele-
ments: 2 coastant inductance, dependent only on
geometry, and .n exponentially falling resistance
or voltage. «ith 1 time consta. .., 3f, dependent
only on gas pressure.

Analvtical Approach

This approach treats the comutating tube as 2
voltage source {in series with the tube's induc-
tance) acting to oppose the rise of the circuit
current, The instantaneous source voltage is
shown in Figure 3.

V. [ ]
o) e(t)zv, (2-¢'71)
t 2 ]
o] 1y
= T dn2

Waveform of the voliage source, oft).

TRANSMISSION STRAY
LINE CIRCUIT
INDUCTANCE
2
¢ L- LT R"z.

Ly . THYRATRON
O_b VOLTAGE
oft) DROP

Equivolent ciccult

. -

Fioure 3. Circuit model of thyratron,

The time constant t{ depends only on the gqas
pressure, and it decreases as pressure {ncreases.
Typical values for T§ are 10-30 ns, corresponding
to total anode fall times of about 5-20 ns. The
*steady-state* tube drop is ignored, and e{t) = 0
for t > tf when the thyratron behaves as an
inductor.
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With standard transient amalysis techninues, this
msade) has been used to aczcurately pradict the
rising portion of the current wavaform, the time
and magnitude of the peak current, and the width
of the currant pulse for thyratron-switched pulse
forming circults, M examplez s shown in Fligure 3,
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Figure 4. Comparison of experimentd! and

theoretical ancde currents.

Numerical Approach

The numerical approach gives equally good rusulls

by treating the commutating tube as a time-dependent
resistance, R(t), in series with the tube induc- :
tance, L7. R(t) is assumed to decrease exponen-

tially and the differential equation of the circuit

{s then solved numerically. The numerical appriach

cin bz axtended to mors complex tube models such as
those involving & time-varying discharge dimeter,

or to time-varying loads.

Resistive Fall Time

That part of the anode fall due to plasms density
growth {n the grid-anode region (sometimes called
the "resistive fall time") is a strong function of
the tube's gas pressure, & traft shared with
other gas discharge switches.

Figure 5 shows the total voltage fall time as 2
function of pressure for several types of gas
discharge switches in high inductance circuits.
Although the data are imprecise, and various qas
species are involved, the relationship evident
over 9 decades of pressure is striking.




T R IO S S S S s o per volt, forming 1 doundary within which switch-

z ‘ﬁ LMPY Ing can cccur. Within this reglon there are other

S Hg upper bounds determined by the inductance. The

73 region of greatest intarest lies batween di/de/¥

103 - . 9 3

g VA?U:‘_,G'?\:.M Voper ond values of 107 and 108 amperes/second/volt,

=z ::2 Residval Gases

w . 1t is obvious that high cperating prassurs {s

= tosp . required for fast switching. For hydrogen thyra-

: cEcs HYOROGEN trons, this means 0.8 torr or higher.
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2 \ He ] GAr properly established during triggering, and that

P B 7 7 the resistive fall limit Is not reached, then the

Y Ny, Og, Air self-inductance of the tube and its curreat return

2 will dominate the switching operation. The induc-

S 10t Lo L L 1o 1 . ] tance can be calculated from the physicai dimen-

10 10* 103 1w!' w0 10® 10t sfons of the discharge and the current return,
making the assumption that the discharge filis the
83
PRESIURE (TORR) tube ta the dimmeter of the grid apertures.
Figure 5. “Resistive® fall time (closure time) as

a function of operating pressure for
varlous gias discharge switches.

Using the analytic model, we can characterize

the family of gas switches, plotting the average
value of di/dt per voit switched, as a fuaction

of pressure, Flgure § shows that for a particular
prassure there is 3 corresponding maximum di/ut

To achieve low inductance, physically short
versions of standard tubaes have been Ruilt and
tested. Figure 4 shows the results.

In 2 low impedance Blumlein system, we have
achieved diZdt = 1 x 1012 amperes per second at
47 kv with an BV-5313, consistent with calculated
values. Tasting up to 2 kHz and up to 50 xv

{s continuing with this system.
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Ficure & ULinits irposed on di/dt per volt due o commutation effects and circuit inductance,




further {n¢ dases In tuba diameter and {mprove-
ments in geometry are projected to glve inouctances
of only & few nanchenries, and df/d2 per volt
asprodching 1.3 amperesisecond/vols,

K1C4 VOLTAGE DESIGNS

Hign voltuge Imolies long inculators and long,
sultistage tedes with low pressures, Lower
frductance and short commutaticn times Imply

short thes with the ainimun nusder of high
voltage stages, operated at high pressure. Since
conventional fnsulators are mganl to operate under
adverse environmenta) conditions, much of the
necessary reduction in insulator length is possible
simply by using more highly stressed insulators

in a controlled dielectric envirorment.

Pulse Charging

Ccamand pulse charging, with only a short dwell
tine at full voltage, gives an increase in dynmic
over static breakdown voltage that can be used to
advantage o reduce insulator lengths, reduce the
nusber of high voltage sections, and increase the
gas pressure, Figure 7 shows the effect at two
anode-grid spacings. The pulse charging advantage
{s clearly seen, giving high breskdown voltages at
high pressures.

In fast pulse charging, the applied voltage is
¢istributed across the various stiges in accord-
ance with the intereiectrode and stage-to-current-
return capacitances. The distribution will be
nonuniform, with the highest voltages appearing
across the upper stages. Figure B, shows a case
with constant capacitances. Substentially uniform
distribution can resuit only when Cp¢<(Cy.
Altermatively, the capacitances can be taflored to

provide a more uniform distridution. The maximum
npy 1s thus determined by the maximum voltage

tolerable by the upper stage. An optimum number
of stages exists.

An important further set of compromises in the
design of a high voltage, multistage, low fnduc-
tance thyratron concerns the relative dimeters of
the tudbe and 1t5 coaxial current return. The
demand for low inductance requires a close-fitting
current return, in conflict with the need to
reduce the capacitance to ground. fFurthermore,
the dielectric stress between the current return
and the tube becomes significant at high voltages.
Tte usable tube-to-current-return radius ratios
are found to lie between 1:2 and 1:4.
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Materialsg

The lower linid for the stage leagth, and thus the
afnlmum Inductance for 3 practical cuvl .z, Is
partly determined by the ceramic breakdown propir-
ties. e have therefore investiqated breakdown
for insulators sudjacted to spatially norunifora
$iress patterns with high voltage pulses 0
sfmulate 2ctus) operation, %e conclude that

7or lubes operated In ofl, pulse holdaff at 3
ceraxic stress of SO kv per Inch Is dcceptabdle.
Curing switching, the upper secticas of the tube
are stressed o progressively higher levels, until
the upper section sust hold of ¢ the antire applied
v0123g¢, perhaps for tens of nanosaconds. Under
thesa conditions, 3 stress lavel of 130 kv/inch s
Seing used In cur eapirizents.

Hich Yoltage Thyratreas

Flgure 9 shows 2 design for a flive-stage, 250 kv
tube based on the orinciples described sbove,
ceroared with & 10-522g¢ tube designed for 250 xv
operatien in alr. The latter cperatad at over
200 kv, at high peak and average power{4,5),

Tubes of the new desfgn are expacted %0 operate At
<50 kv, with pexx currents in axcess of 20 ka wnd
pulse renetition rates of 3t lasst 1 kHr. Calcu-
tazed Incuctance {s less than §0 aH.
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Figure 2, 13) Lenventional and {b) iow inductance

multistage tubes designed for 250 kv.

SNOOF DISSIPATION.

Thyratron specifications contain 2 *Plate Sreax-
down Factor,” M, intended to liaft anode dissipa-
tion to olarable levels. Although It has lemg
been recognized that this facter {3 Inadequate %o
descridha the problam, it has only recently baen
possible 20 quantify anoue dissipation in high
di/de circuits. The result of our amalysis is to
replace the old b factor with 2 naw factor,
defined 2s

Sy v voltage x repevition rate x di/de
(epy prr di/or)

The mocel described above his deen used to calcu-
1ate ancde heating when switchirg 3 transaission
line charged to a voltage, ¥. Cefining 3 circuit
time constant, L/2 (with L the :atal switch and
connecting Inductance, and I the total impedance
of the line plus the load direstly across the
switch), we can show that the anode dissipation
energy per pulse, W, {s 2 Zunction of Ti/ty s
shown in Figure 10, dnd tne power dissipation i3
directly proportional to 5y, Ancde dissipations
consistent with the zoave calculation have been
obstrved in practice for tubes cperated at high
di/fet.
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Flgure 10. Ancde heating In 2 transaission line

circuit.

At 2 few %ens of kilovolts with 3 fast circuit,
the anode dissipation can become substantial,
1.e., several hundred watts ser kilochertz of
repetition rate. The magnitude depends critically
on Ty, normally for thyratrens bout 20 ns




{carresponaing to 2 30 ns fal) time}. This can de
recuced 20 2% least S0 as at higher prassures
{»0.6 terr}. Cn the other hand, reauction of
pressure can cavse much higher Ty, with the
resultant hign dissipation caysing excessive anode
heatinz. Thyrairons for fast switching aoplica-
tions must therefore operate at relatively hioh
{111 pressures to ainimize anode dissipaticn ag
well 2 te promote high di/et.

HILK AYZRAGL POWER THYRATROXS

The work perforned in recent high power develop-
ment relied heavily on advances made in earlifer
programs (3,5,6,7), pesigning a thyratron
specifically for pulse power operation at &
megawatt required that the scaling laws for pesk
and average curreats ba validated at very high
dverage powers, This has now been done at the
megawatt level(2), and the way is now clear to
swizching several tens of megawatls in hydrogen
thyratrons of relatively modest physical size.

Forward holdoff design principlies for high power
are basically the sawe as for Tow power. The
structures used at @ megawatt are different only
in their overall size, heat capacity, and fault
resistance. The principles for minimizing tube
inductance apply equally to high power designs,
and produce less conduction loss.

Peak Current

Peak current limitations result from two effects:
cathode arcing and grid quenching{6+8), B8oth

are pulse-width-dependent. The cathode arc limit
current density varies as 1/tpl/3. 1t is alse
dependent on the specific resistivity of the
cathode surface(8), ang hence on fts temperature
and state of activation, With pulse widths of
about 10 us, the current density for arcing
(usually at the cathode's extremities) is usually
30-40 a/cn?, a Vimit now verified at the 75 ka
level.

When ¢rid quenching occurs, the tube's impedance
rises abruptly, usually resulting in an arc.
Quenching Is pressure and time dependent, is most
often seen in pulses several microseconds long,
and occurs at current densitias close to those
c3lculated to produce a MHD pinch within the grid
structure. Wwe have now verified a long-standing
design criterion of 10 ka/in.2 of grid aperture at
the 75 ka level,

At shor: pulse widtng (100 nx or less), quenching
has been difficult to produce and cathode arc
limits are high, For exawple, with 14 ka, 50 ns
pulses from a 100 ca2 cathode, passing through a
0.3 in. gric aperture area, no arcing occurred.
Other experiments with larger tubes, bul somtwhat
lower padk current deasities, give consistent
results,

Average Current

In thyratron ratings, d.c. an¢ a.c. average
current limitations appear, beyond wnich excessive
heating {s Vikely, causing short tube life,

Most of the dissipation due %o d.c. averige
current 1s absorbed in the grid structures,

The greatest burden {s carried by the control
grid, which must sbsorb the losses ¢f & 30 to

50 01t Langmuir double sheath and the discharge
column drop of adout 20 v/cm, and some part of
the cathode hest 25 well. The toal thermal
conductivity from grid-face to external heat-gink
mist be high enough to prevent eny part of the
orid from reaching temperature (5400°C) for the
grid to emit and destroy the tube. Tofal grid
thermal conductivity thus becomez 3 limitation on
the maximum average d.c. current.

The a.c. average (.m.5.) current {ranging into
the kiloamperes) is 2150 an operational limiz, due
to resistive (12R) heating in the cathode coating
and its support and connecting structures. The
oxide cathode typically used In thyratrons has
surface cesistivities of 2-10 ohm~cef ond
generates heat over its utilized area (ftself
dependent upon the peak current, In accordance
with the cathode utilization equations(3)).

At high pedk currents, the r.n.s. current often
becomes tha major Vimitation. At short pulse
lengths, when the discharge may not be spread well
on the cathode, this limit may become especielly
severe, and resistive heating of small portions of
the cathode may limit the total aversge power that
can be switchea.

Scaling Relationships

The current-carrying ability of thyratrons depends
primarily on the grid aperture and cathode areas.
These in turn depend on the tube diameter. Flgure
11 shows peak and average currents feasible with
various tube diameters, together with the r.m.s.




3
A=

current liaftatlens of earlier designs. In Flgure
1i, the behavior for continuous operation with
pulse widths of 10 us fs usad as 2 base, and (s
shown extanded for shorter pulses, or for turst-
mde operatfon. Also shown {5 the predicted
characteristic of a 16-inch dimeer tbe. Such 2
tehe would have an arc linit greater than 350 X3
pedk, ind an average current limit of 200 amperes,
giving an average power switching capablifty in
the tens of megawatts. ‘We belleve that the
uitinate capsbilities in peak and Jverage current
are timited only by the maximum pracsical dimeter
for ceramic 2nveleoes.
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Figure 1. Performance vs. size.

CONCLUSIONS

Hydregen thyratrgns can meet the switching require-
=ents of idvanced hich power Systems. Aecent
Ydvances in thyrazron design have significantly
axtenced the fast switching ind high power capa-
Silrrius of this fanily of high repetition rate
switches., Low !nductance thyratrons have been
Butlt for high di/dt opuration, the optimum
triggering rethod has been determined, and their
serformance guring commutation has besn calculated.

Those aspects of thyratron desfgn that are cone-
sistanc with high di/dt are 11so consistent with
high power, laading {a both cases to short
structures of relatively large diameter, in which
holdoff is obtained by careful control of insulator
loading and environment. [n prospect s 2 new
family of hydrogen thyratrons with much higher
di/dt, voltage, and power capabilities.
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ACCILERATOR MODULE OF "ANGAMA - §"
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Ahszrace

Faatutes and design principlas of the {nerzial con-
finement fuslon =ulii-module "Angaza-3" accelerator
are considared.

The ecoaputed outpul pazamazers of an individual
odule aze as follova:

Lo2daV; 12033 »%0nx ¥ = 1MW

The prediczed outout vas compared with the pulsa-
shaping line mock-up messuremants. According to
these seasureamants the end-on section contridutes
21 per cant of the zotal pulse-shaping line capaci-
tance. The ¢nd-on section capacizance wes accounted
for in compurations via transmission line sections
with appropriate impedance values. The reasonshla
choice of zhe pulse-shaping equivalent circuit vas
coniiraed by experimental data and were in good
apreezant vith calculacions based on systen desipn

feazures.

ANGARA = 5. GENERAL DESICN
The 1078 - 10™%s pulsed Relaciviscic Eleccron Beam
(RE3) inertial confinement prograz [1] has recencly

received new izpetus due to the daveiopment of 10-
100 T9 accelerators [2,3]. Target heating requiz-
nents liziz the diode voltage to 2 = & MV such that
specific accelerators should have a low ougput in-
pedance and generate currents of 107 - IOGA.

The problems of developing a 100 TW,0.1 Oha accel-
erator vere analyvzed i{n 1974 [2]. The =multi-module
type 3dccelerator was found to present many advan-
tages . ‘The total independence of modules and
nodule groups allows the opportunity for prelimi-

nary module development and test. It ensures over-

all facilizy safaty in cast one of the modules bresia
down. The facility shall consist of several tensof
identical modules such that it «ill be possidle to
ucilize alzeady well daveloped 1-2 Ohm output ac-
Tha omission of one or afev
nodules would rasult in an insigniiicant total
pover decreass.

celazator technology.

So, in principle, axperinenis
should not be interrupted during repalir and main-
tainence operations. Thase corsideracions have
caused the multi-module design of "Angara - 5" de-
velopad by the I.V. Ruzc’ atov Instituza of Atomic
tnergy and the D.V. Efremov Instituze of Electro-

Physical Apparatus,

The Angara-5 accelarazor is doesigned f{or target
heating expexisants using 46 RZ3 genucator nmodulas.
The latter are locatad around the explosion chamber
in a tvo-floor structure with 24 modules on sach
floor. The tozal beaw energy is 4.8 MJ. The hall-
videh buam duration i{s 90 ns. The total beam cur-
vent is up to 40 MA vich diode voltages up to I MU,
Fig. 1 shows zhe gpenaral accelarasor lay-out. Thera
i3 &2 6 u diameter explosion chambar {n the center.
Two possible ways of Transporczing the REB enerpy to
the central target surface inside the chazber are
being considered. The firsc is based upon vacuum
transmission lines, "hich may be disc-shaped. The
RLB energy is cransported along these disc-shaped
lines towsrds the diode in which the external tar-
The required 1013
w/c:n2 snergy flux along the line can be achieved at
ant = LMV/cxm average field inside the line which i
feasible due to the magnecic self-insulatien [4].

zet shell represants the anode.

An alternative transport scheme would involva the
production of an inerzially confined relativiatic




alacsron sheath, the beas being {njecced into the
sheath saking use of axternal cusp sagnetic {lelds
).

The heaa anergy arsives at the explosion chamber
slong magnazic salf-lnsulacion vacuum lines having
The lina length
{2 dacer=ined by the high-voltage dflode insulator

2 10 ¢a dlazeter and 1.5 = length.

size G3yu=ing a 80 k¥/cz permizsidle surface alec~
erie fiald).
{s 2 ¥/ ea.
lated according to the 3rillouin aleccron flow {u
the gap [6,7])

The electtic f£Zald (n the vacuua line
The vacuum line inmpedance vas caleu~

The high-voltage dlodes are connected to pulsa-
shaping 3lux=lein linesyia watar-{osulazed cransais-
sion lines. Tha stransmizsion line diasecer {3 1.2a,
Les length belng 5 o due to the Marx generator sizae,
The 2.5 = dlazerer vatar-7{1led 3luelein line hasa
60 n3 aleceric langeh (L »12) and a 2 Oha output
zpedance. Tha Marx generator tank has a 3.2 a
diaczetar and transformer oil i3 used as {nsulacion

{in tha Marx generater.

“MANCARA = 5" EXPERIMENTAL MODULE
Lac us consider in oore decail the “Aagara-5" ac-

celerator sodule. In ordar to lower the voltage
goadianzs along the dielectric diaphragms and across
the 3witch gaps as well as to Iz=prove the operacion
seliabilicy, Lt was decided to use a Bluxzlein type
pulse~ghaping 1ine. This cholce has resulted in a
larger moduele dlazecer and sozewhat =ore sophisci-
cated design. FTlg. 1. presents a cross-section of
an axperizenzal “ANGARA-3" module, This =odulehas

Seen asse=bled az che I.%V. Kurchatov IAE,

The Marx generacor | conalsts of three parallel
eircuins. Each 2ircuic consiscs of 14 crages.
Each stage containg four 0.4 uF, 100 kV condensers
ronnected in a1 pazallel-series configuraction and
are :harged up to = 89 kV. The scages are placed
instle 2.+ = diazecer voltage-grading rings. Marx
generator switching is achieved wizh field discor-
tion awitea-gaps pressucizeu with 5?6 ac ~ 2 kglc:%
As the sondensers are tighcly packed with a resul:-

ing bad scrav capac:tance tatio, the gaps are ex-

ternally tripgered. Tranavarse vesiztive couplings
are provided to laprove the switching range of the

<ensral condanser array,

The Miarx generator parameters are the following:
§5.7 af cspacitance, 2,87 (' paak voltage, JO5 WJ
scorad enargy. Tig. J shows thea assesbled Marx
genazator cutside {ts container,

The Blualain line 7 I3 charged via two conduczors
1. The conductnrs pass through zuction 4, separat-
{ng the Marx generatar Irom the line. The dielac-
tric diaphragm electric Iialds are computad 2o be
up to 90 kV/ea.
line {n the oprimum aanner the vave inpedances of

In order to usa the voluze of the

the outar and inner lines were chosen diffacent,
nazaly 0.82 and 1,30 Qha., The {ntarsedlace alac-
roda thickness and end-on curvature radii were
chosen in accordance with coeputed admissible elac-
eric fields in vacer. The cocputations wers basdd
upon the followiay relacions [8] for Zialds 0% be-
low tha breakdown li=i:z

¢}
< 0.21 < Q.42
B goop Wlen EC gy Wi
efZ T~ aff S aff v aly

The incernal elactrode dlametar £s 149 ca and cthe
This
high electroda-diamecer over line-langch cacio re-

{ncernediace alectrode thicknass {3 14.5 ca,

sults in considarable 2dge concribucion to the <o~
tal line capacitanca. Mock-up measuremancs indica:e
thac che and-cn seutions contribure 21 per canc of

the 76.5 nF total line capacitance. The innar line
and outar 1line capacitances are 3O nf and 46 =F res-
neczivaly. The inner lina {s charzed vi{a conduczor
5 which servas co induccively decounle both iines.

The line {4 swictched with 10 zag-£filled triagered

avictches 6 located ac tha (nner line 2dye. Thehich
voltage trizgering pulses are supplied via 12 cables

passing {nside the conduczor 5.

Pzepulse !s suppressed by a mulel-channel gas-fill-
ed spark gap 8 fallowing the 30 nF capacizance line
section.
83 1.7,

wacer transmission line 9 which serves as a trans-

The zapacitanze across the spark nac is

The spark gap {s followed bv a 4.9 n lene




former.  The SO nH inductance high-voltage diode
The diode L3 Zollewed

bw a magnezically salf-insulated vacuvm line ll.

16 {3 of quasi-planar shape.

Cozpuzazions of lina charging and switching were
parforndd to ascivate the pulse shape, the ¢fii-
cieney of énergy transport from the Marx genarator
to the load and the prepulse level, the lacter
being of importanca for normal vacuus line and
diods operation. The SF6 I1)led switeh spark zhan-
nel texiscance vas cozputad according the Iragin-
skil Zormula (9]
-

F o

:‘
The vaguuz line load was asaumed Co correspond to
the minizal sagnetic self-insulation current in the
flux li=fcad regime a2 U » 2 MV. The valldicy of
the lazter agsumption follows from the practically
linear depandence upon voltage for U > 0.5 MWV,

k31

Fip, 4 presants the charging/svizching scheme tak-
{ng into coungideration the above-cited module para~-
zeters. Tha charging computation takus into ac-
coun: che condenser resistivicy which vas calculat-
eod from che sttanuation decremant near the lover

sell-frequency of che circuit of Rg. 4.

The Marx gencrator-zo-line enaxgy transfer efficien-
The charging line
The voltage across the prepulse

cy was found to be up to 73%.
voltage is 2.4V,

spactk pap is 200 k.
versus time in Flg. §.

The diods prepulse is plotted
The diode prepulse cagni~
zude &~ 200 V (s low enough to allov the use of shore

{nter-alectrode gaps.

The affecz of edge seczions was accounted for in
the calculations by introducing apacisl line sec-

tions. Tig. 6 presents the computationul seccion-

ing of the 3lumlein line. The effective line length

Leff uvas fourd iion the relacion
efs e

c (3)

: [-14

with 5 representing the wave izpedance of the line.
The resistance and induccance of the Blumlein line
spark gaps vere cozputed according to the Bragin-

skil formula. The number of spark channels in each

The coem-
7 vas cocparad with line
The mock-up swvicehing re-
siscivity vas choaen egual to zhat of spark zaps
100 ns afcter crigpering.

spatk gap vas variad in the calculations.

k3§18

puted pulse shape of
mock~up measuTemants.

tve good agraamant beTwan
cempuzation and maasuressat hag corroborazed thi
reasonabla cholce of the pulse-shaping schame. The
ain result of compuzaotions are pulse lengths up
to §0 ns and pulse powvar wmodificazion due o edge
capacitance affsces.

Fig. 8 preseacs the compuzed pulse ghaps and dlede
anargy daposition for a 50 ol dlode inductance.
Calculazions show that the channei number should ax-
cded 5 - 6 to liai:z Josses in she spark gaps. A
further channel nuebar increasa doag not substansi.
ally improve the pulse pavavacers.

So the " Angara-5 " modula should ba able to sre-
duce s Um 2 MV, I = 0.8, T " 90 ns, Total enar-
«y par pulse (for ¢ < 110 ns) iz 102 ¥J {or x con-
stan: R, © 2.5 Ohm {moedance. The Marx zenerazor -
to-bean anergy transfer efficilency i{s 33 per cent.
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REVIEW AND STATUS OF ANTARES®

Jorg Jansen
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Abstract

The laser fusfon effort at the Los Alamos
Scientific Laboratory (LASL) has evolved from
early experiments with an  electron-bemm-con-
trolled large-aperture €0, laser to the massive
engineering task of designing and building a
160-kJ laser fusion machine.

The design of Antares {s based on the design
of {ts predecessors. It builds upon technology
which was developed or advanced during the design
and construction of earlier machines. On one
hand {t {s dictited by the requfrements for the
output, {.e., energy on target; on the other hand
it is limited by existing technoloay or reason-
able extensions thereof. Reliability and main-
tainability play important roles in the design
cons iderations.

Introduction

The goal of the Laser Fusfon program is to
ichieve inertially confined fusion for coemercial
and military applications. The high-power,
short-pulse 0, laser developed at LASL lends
itself very well to this task because of the
high efficiency and capability to operate at
high repetition rates. The 100-kJ Antares
laser, tha fourth step in the LASL development,
is designed to provide this laser power for
scientific breakeven experiments in 1984. This
paper gives a brief overview of the evolution,
design, and construction of Antares as a
background for a number of detailed papers
presented elsewhere at this conference.

*Work performed under the auspices of the U.S.
Department of Energy

Evolution

As we are gradually gexting more used to the
{dea of very large €0, fusion lasars Antares be-
comes more tractible in {5 enormous size anc
complexity. Less than 2 decade ago the concept
of such a large machine would have been unthink-
tble. Howaver, development took place at 2 fast
pace and what seemed o be an unlikely adventure
then is now rapidly becoming a reality. The ev-
olution began with the departure from the double-
discharge laser.

The double-discharge laser is the kind of de-
vice upon which one would not hesitate to base
the construction of a large reliable gas laser
facility. It is simnle, rugged, inexpensive, and
easy t0 operate and maintain., Unfortunately, the
laser energy output and the maximum aperture of a
single cavity are relatively small. The size is
Vimited by 2 gap-pressure product of about 20-cm-
atmospheres compared to about 75-cm-atmospheres
for an electron-beam sustained (:02 ‘Iaser.1 By
way of comparison, the Lumonics 620 can gererate
a short pulse of <100 J with an aperture of
10 x 10 cm. Translated into the energy require-
ment of 100 kJ for Antares, this would mean 2
system of 1000 beams and cavities. Such a large
number of components and subsystems makes the
facility reliabflity almost automatically
questiomable,

One way to overcome this problem and provide
for a stable, Targe-aperture discharge is to feed
an externally generated electron beam into the
cavity. In this way, the generation of ionizing
electrons and the control of their energy and
density is separated from the parameters of the
cavity. To build and operate such an electron-
beam controlled C02 laser was successfully




attezoted at AVCO and at LASL dn 1970.2 The suc-
cess of this approach opened the door for the de-
velopment of large-aperture, high-energy coz 1
sers for coemercial, milftary, and fusfon appli-
cations. The number of cavities for a given re-
yuirement for total energy iand beam size could be
reduced considerably.

To iaftiate fusion experimants with a short-
aulse t:t)2 laser, 2 single-beam system was de-
signed and buflt at LASL in 19715 It ewployed
for 2all its amplification stages, high-power
slectron-bemn controlied discharge cavities (Fig.
1). Table I shows the characteristic features of
that system.

The ¢lectron-qun entrgy was delivered by Marx
senerators which were allowed to RC decay. The
aulse was terminated by diverter cwitches. The
discharge chamber of the final amplification
stige wis powered by in LC generator with a di-
verter switch for pulse termination.

Based upon the experience with the low-energy
single-besm system, 3 dual-besmm module (Gemint)
was designed and built in 1974.% The design of
Gemini and, subsequently, Helios follows in prin-
cipla the single-beam design. The main differ-
ances are found in the smployment of one elec-
tron-beam qun for two pumping chambers, the
triple passing of the gain region, and the larger
werture (14 inches vs 10 inches), Fig. 2. One
of the major difficulties resuited from the use
of 1 large-arey hot cathcde {n the electron-beam
gun. The large amount of heat deposited in the
gun chamber and the thermal distortion of the
cithode itself proved difficult to handle. The
develsoment and subsequent {ntroduction of the
20ld cathode overcame all these problems.s The
2914 cathode smpioys an arrangement of thin tan-
talum foils which, upon ignition, generate plasma
sites that, in turn, serve as electron emitters.
Performance data of Gemini ara listed in Table
948

Y9 generate 3 10-kJ laser pulse, four dual-
Seam vodules were combined into an eight-beam

system, Hellos (Fig. 3}). Helios becwe opera-
tional {n April 1978 and delivered 1 subnanosec-
ond pulse of 10.7 kd into a calorimetar iy June
1978,

The electron guns for Gemini and Hellos were
also driven by Narx generators with divarter
switches. The discharge chambers for Gemini were
powered by LC generators with divertar switches;
thase for Helfos by Marx generaters esploying
two-wesh type-C PFX's {in tach stage,

Antares Degign
Requirements, Whoreas the single-beam fa-

cility, Gemini, and Hellos were designed for d-
ser~tion and compression experiments, the goal
for Antares {s to achieve breskeven, i.t., the
energy production of the target should equal or
exceed the energy input to the target. Antares
is designed to produce varfous »ulse durations
and output powers, ranging from 3 power of 100 TW
with 3 pulse width of 1 ns to a power of 200 TR
with a pulse width of 1/4 ns.7 7o achieve this
and 11so leave room for consideradble uncertiin-
ties in the expected performance the Antares de-
sign allows for good margins in the critical
areas. Table IIl is 1 suemary of the performance
requirements and design marging for Antares.

The design of Antares departs from that of
{ts predecessors. The large aumber of betms (72)
called for "electron-beam gun economy.” Thus, 12
beams were combined in an nnulus around a single
electron gun to form 3 17-XJ power ampiifier mod-
ule. A more efficient Helium-free gas mix was
chosen (C0,:N,/4:1). A grid was introduced in
the electron gqun to provide voltage independent
alaciron-beam density control and accommodate th2
requirement for a consideribly lower elect:on-
beam dansity for the new gas mix (50 mA/cm® vs
500 mA/ca’ for Hellos).® To reduce the 1ikeli-
hood of prepulse parasitic oscillaticns the qain
region was pumped faster and the distance between
power amplifier and target was increased substan-
tially. The major differences are listed fin
Table IV.
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TABLE |

CHARACTERISTIC FZATLRES OF THE SINGLE-BEAK SYSTEX

Paraseter Stages 1 and 2

£lectiron Sem

Energy 120 k¥

Cuyrrent 100 A

Current Gensity ¢.12 a;::?
Gis

Pressure 6C0 torr

Eleceric Fleld 4.2 k¥/cm-atm

Current 5C00 A

Current Density 6.3 Alcnz

Gain (P-20) 0.051 ca}

J/1itereata 156

9,{0)E
Efficiency 3%17?3%

TABLE 1l

PERFORMANCE DATA OF A HZLIOS DUAL-BEAN MODULE

Optical Design {each bemx)

Aperture

Gain Length
Operating Pressure
Gas Mixture

Gain

Energy Output

Electrical Design

Discharge Yoltage
Discharge Current
Pulse Length
Energy

Electron-Beam Yoltage
£lectron-Beam Current Density
Pulse Length

Emitter

stage 3

155 &y
560 A
0.60 A/ca®

1800 torr

1.8 k¥/cm-atm
16000 A

20 Mea?
0.049 cn’!
150

~cm dimeter

200 om
1800 torr

1/4:1:3/N2:C02:H¢
4X/cm (P-20, 10 uw)

1250 4

360 kY

100 kA

3 us

150 J/1-at=

250 kV
0.3 A/end
5.0 us

Stage &

250 kY
1500 A
0.27 a/cst

1400 torr

3.5 kK¥/cm-atm
50000 A

b4 A/c&z

0.03 cu”!

&5

3.%(x 1/5)

0.013-cm-thick Ta foil




Power Aeplifier Pirmmeter

Mixture
Pressure

(g, - alt
£lectrical Store
Optical Aperture

TABLE I1I
ANTARES SPECIFICATIONS

100 kJ at Target l-nas pulse
50 xJ at Target 0.25-n3 pulse

Degign Paint
COZ:NZI4:1
1800 zorr
6.0

ETIC IR
80,85 cmz

TASLE 1V

Design Harqin

25% (2250 torr)
25% (7.5)

8% (7.2 M)
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MAJOR DIFFERENCES BETWEEN ANTAMES AND HELIQS

Change

Longer distance betwean
power axplifier and target

Faster pueping to peak
gain
Oifferent gas mix in

oower amalifier

Annular arrangement of
cavities around e-qun

£zolnyment of curresnt
control grid in e-qun

Lirger exit window diameter

Higher discharge voitace

Higher e-gun voltage

Antares v¢ Hellog

200 1t 20 f¢

1.5 us 3 us

COZ:Kz COZ:NZ:HQ
4:1 4:1:12

Number of cavities per gun
12 2

£-beam current density
€0 sAfcm’ 0.5 Afcal

13~ 16"
580 kv 330 ¥
500 xv 300 kv

Reason

Longer buildup time of
prepulse parasitics

Shorter time available for
build~up of parasfitic oscil-

lation, higher efficiency

Higher efficiency,
no helium handling

Fewer quns, large annular
optics, fewer beaws

Different gas mix requires
Tower e-beam density,

better density ccntrol

Aveilabilicy f larger
salt windows

Gas mix with higher impedance

Gas mix with higher density




Mafor Uui!ltlens.e The most fmportant lia.
itation in the design of Antares is ootical in
nature. A window, transparent to 10.6-im light,
i3 nacessary between the high-nressure {1800 torr)
discharge cavity and the low-pressure (10"s tarr)
tirget chamber. The best window material avail-
adle g NaCl and the largest size windows eade to
date have & diameter of 168 {nches, This, counlad
with 2 safe li=it for the energy flux of a l-ns
oulse of about 2 J/cnz. dictates the number and
agerture of the laser bems.

The mirrors are made of copper-plated alumi-
aum by a micro-machining process. They have no
influence on the selection of the baam nusber but
lim{z the s=aallest size of the turning, folding,
and focusing mirrars, and thereby the size of the
spice frame, target chamder, and turning towers.
The {nbility 20 fahricate very large mirrors had
one other effect on the final Antares design.
The original plan to use annular optics was aban-
doned. This would have had the advantige that
only 6 instead of 72 independent laser berms
would have had to be managed.

Having chosen an annular arrangement of the
discharge civity, one additional liaitation fis
imposed by the maximum permissible azimuthal mag-
netic field in the electron gun as well as in the
cavities. Axial feed currents to the gqun and
cavities increase with axial length. The accom-
panying azimuthal magnetic fleid deflects elec-
trons away from the feed end and causes non-uni-
form gain in the cavities. Requiring a certain
degree of gain uniformity limits the length of
the gun and an individual cavity. As a result,
the Antares qun is fed from both ends and each
cavity is subdivided into four sections.

The worst enemies of the high-energy gas
laser are parasitic oscillations which can de-
velop from spontaneous photon emission in the op-
tical system prior to the actual shot. They can
damage optical elements, cause a loss of energy
and deposit prepulse energy on the target and
thus destroy it.

To prevent these oscillations the gatn-length-
time product of each amplifier cavity has to be
kept below z safe value. Computational analysis

and experimental evidence limi: the single-pass
gain=langth {n ¢ double-pass optical desfgn for
the powsr meplifier cavity to gl < & for a 1.5-us
peming ulse. A3 2 consequence a hign imout
tntrgy of 50 J per power mliffer is required
wvhich mikas a powerful eleciron-beae controlled
wmplifier necessary for the oufput stage of the
front end,

The Antares Facility, Most of the Antares
design 15 now completed and the major portion of
the hardware {s uader procuresent. The buildings
art all under construction. A model of the en-
tire facility is shown in Fig. 4, One recognizes
clockwise from the upper left cornar, the ware-
house, the facilities support building, the laser
and energy storage hall, the target duilding, the
wechanical equip ent building, and the office
building. The front-cnd room is located under-
nesth the lagser hall. Fiyure 5 is 2 view of the
Taser hall with the & power amplifiers and 24
energy storage units, Figure & gives & claarer
picture of the target chamber and the six beam
turning towers.

The generation, amplification, and transpore
of the laser beams {s schematfcaily shown in
Fig. 7.

The Antares front end (Fig. 5) generates six
beams with an aperture of 15 x 15 ¢m and enerpy
of 225 J each (of this, only 80 J are utilized ia
an annular besm with S-cm {.d. and 15.cm o0.d.).
Six oscillators are used to generate six tunabdle
beams which are combined into one single beam.
In addition to six switchout Pockels cells there
are four Pockels cells in series to provide a
contrast ratio (energy) of approximately 2.4
x 1012, Awplification {s achieved with two
double-discharge amolifiers and three dul-beam
modules. The dual-beam amplifiers are very sim-
{lar to the Gemini and Kelios amplifiers but
smaller in size.

The © beams are directed upward into the
power amplifiers which split sach beam in 12 ways
and provide the ¢inal two-pass amplification
(Fig. 9). As indicated above, each power ampii-
fier consists of one central 2lectron-beam gun




Zecause of

surrqunded by 12 discharge chasbers.
signetic field 1imitations the gua {s fed tri-
axfally from bdoth ends and the discharge chac-
bers ire sectioned with 3 re-ulting total of 48

chambers. Two a2imuthally adjacant chasbers are
fed elacirically through one coaxfal wble with
1 voltage of 350 XY and a current of 40 kA. The
gun 15 directly connected %0 the qun pulser which
arovides 3 gqun voltage of up to 5CO kY, a grid
70ltage of dout 400-5C0 XY, and 3 cathode cur-
rint of 30 %A. The output laser bemms Jags
through 12 salt windows into the low pressire op-
tical section where they are combined into one
innullr beam with the helo of 2 periscope airror
pair,

The 1nnular beam is then transporled through
3 evacuated beam tude into the target building.
It {s turned by 2 set of turaing mairesrs into the
tirget chamber, This {5 done to preveat back
streaming of neutrons into the laser Mall. I[nside
the cryogenically pumped target vacuum chamber 3
tpace frame supports 3 second set of flat turaing
afrrors 3nd a set of focusing mirrors. A typical
bedz pass in the target chamber {s shown in Fig.
10. The distance between the focusing mirrors
and the target is epproximately 1.61 m,

Pulsed elecirical energy has to be delivered
in different shapes and at many different places
throughout Antares (Fig. 11).

The switchout cells require 3 very small
wmunt of anergy {3oprox. 10 mJ) and & relatively
low voltage {12 3 25 ¥V). However, the risetize
nf the voltage pulse {nto 10 parallel 50-ohm
10195 {Pockels cell plus cable) has to te
t. <l ns and the jitter between cells has to
e <E0 ps. This raguirement will he met by
using one fast multi-channel spari® gap to ener-
size 211 calls., Qelays between cells will be
achiaved through different lengths of very
inss cibles,

The preamplifiers require the Following
tr3y, voltage, current, and pulse durstion:

Lumonics K-9225: 160 J, 40 kY, 2 kKA, 3 us

wumonics 602: 1640 4, 150 %V, 7.5 %A, 3 us
The Lumonics X-5225 i3 also operated at 2 ressti-
tion -ate of 2 ops for 2lignment purposes.

)

The three alectron guns of the driver wmpli-
flers are fod from 1 common Nirx generator wih
n tnergy of 25 kJ and oovan-circuls voltage of
630 x¥. The single-mesh LC Marx {s matched to
the qun Impedance and producas a slightly escil-
latary current with a half perfed of 17 us and 3
peak value of 10 kA,

tach of the six driver wplifter pumping
chasbers {5 driven by a similar single-mesh Marx
ss dwove (25 kJ, 530 x¥) with 2 peak current of
48 YA and 2 half perfod of 3.5 us,

Each 2lestran qun of the power mclifier is
anergized by 3 10-stage Marx generatar (70 kJ,
500 kY, 40 xA) which is allowed to RC decay. In
view of the varying requirements for electron-gun
voltage and {mpedsuce, this s considered the
best solution. In an earlier design stage the
gun pulser was an {apadance matched A-type net-
work with a pesking circyit to provide fast
rising voltage for uniform gun fgnition. The
Marx generator feeds both ends of the electrin
gun where one side is connected through a tunable
{nductor to achieve current syrmetry in the qun
(Fig. 12).

Each power wmplifier section (12 annular cav-
{ties) is energized by 2 10-stage Marx generazor
with an open-circuit voltage of 1.2 MV, an energy
of 300 kJ, and an LC impedance which is approxi-
mately matched to the load.lo The short-pulse
duration calls for a1 low generator inductance of
about 3 uH, which 1is accomplished through mul-
tiple zig-zig folding of the Marx (Fiq. 13).
gach Marx is connected via 6 coaxfal cables %o
12 anodes. The cables 2are dry-cured standard
(145 kV) utility cables which have been tested
for 1 pulse voltage of 1 MV.

Zecause of the complexity of the Antares sys-
tem there exists also 2 very large :nd complex
optical alignment system which {is not discussed
in this oresentation. The electronic control
system {s based on a zcmputer hierarchy {Fig. i3).
A netwark of computers permits control of individ-
ual systams or beam lines in a scand-ilone mode or
the ccordinatad control of the eontire facility.
tow-lavel control is achieved with microcomputers
{LSI-11}) 3nd intermedfate-level sor high-lavel




cantrol with minicomputers {P0P-11734, 60 and 70).
7o avoid the typical croblems of transient inter-
ference in 2 Kigh pulsed eleciro-magnetic emiron-
ment A1l computers and computar {nterfaces are
heavily shielded and a1l signal transmission takes
place viz fiber optic cables. A typical fiber-
eptic link fs shown in Fig. 15. 12 conmsists of 2
signal generator {Pearson current transformer),
an alectro-odtic converter, the fiber-optic cable,
and an cpto-electric converter.

Status of the Antares (ongtruction. The An-
tares schedule (Fig. 16) as part of the overall

inertial confinement fusfon plan foresees that the
Antares facility wil) become operational and ready
for target experiments in the spring of 1984,

As a1 first step towards this gon) the first
beme lint (of six) will be completed and checkad
out in the fall of 1981. The major milestones in
this effort are:

o Powsr mplifier and
tnergy storage system installed April ‘80

¢ Elactrical and smallesignal August ‘80
tests compleate

s Single-beam front-end ready Kovesber '80

o Single-sector energy extraction Februery ‘'S

e 12 sector energy extraction April ‘81

o 17 kJ/1 ns pulse centered October '81

and focused

A1l Antares buildings are now fully enclosed
and {nternal work {is progressing. Figure 17
shows the target hall with {ts 6-ft-thick walls
and S-ft-thick ceiling. The laser hall and the
front-end room will be zvailable for Joind occu-
pancy In August 1979. It is presently antici-
pated that all buildings will be complete and
ready for occupancy by LASL in December 1979.

Fost of the components and systems develop-
ment and 75X of the design are complete. Al
m3jor hardware for the first beamline has been
procured and will begin to arrive at LASL in
June. A pumping chaxber section is shown in
Fig. 18. The output amplifier for the front end
will be tested at LASL starting in July. The
performance test of the first energy storage unit

i

will begin in July. Half of the control copo-
nents network (s on hand and {3 deing used for
software  development. The electron-basm gun
(Fig. 19) will L2 assesbled and readied for tast
in Augusz. Ing2allation of the gigantic farger
vacuum system (beam tubes anZ chamder) will dagin
in August.
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Fig. 3.

The LASL Helios facility.

Fig. 4.

Mode) of the Antares facility.

Fiq. S,

Fig. 6.

Laser hall with 6 power amolifiers and

24 energy-storage units.
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Fig. 9.

fig. 10.

Artist's conception of the power
awmpliffer.
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Fig. 16. Pumping chamber sections in productien.

Fig. 19. One of four sections of the electron-
o bewn-qun vacuum shell,
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ELECTROMAGNETIC GUNS, LAUNCHERS AND REACTION ENGINESt

Heary Kolm, Kevin Fine, Fred Milliams and Patar Mongeau

Hassachusetts Institute of Tachnology
Francis Qittar National Magnet Lavoratoryan
Cambridge, Massachusatzs, 02139

bgerace

[ecens advances In energy stcrage, swisching and
2a¢ndt tecknology make electromagnetic acceleration
a visble alzernative tn chemical propulsion for cer-
zain tasks, and & 2eans to perform other tasks not
previously feasible. launchezz of lntarest Include
tha de railpun driven by energy 3tored Inertlally in
2 homopolar senerator and ctransferzed through a
swizching inductor, and the opposite extreme, the
synchronous nass driver energized by a high voltage
alzarnazars through an oscillating coll-capacizor
circuie. A nunder of hybrid variancts between these
Lo #xtIemes iZe also promising. A novel system
dagerided here is the momenrum transformer which

ransfers >omencum Yrom a massive cheaically driven
arsature 20 a much lighter, hidhex velocity projec—
tile dy nmagnecic flux compression. pPotanctial appli-
cazions include the acceleration of gram-size par-
sicles for hypervelocity zesearch and for use as re-
aczion engines In spaca zoanspors; high velocity ar-
cillezys scraccher~-size tactical supply and medical
avacuacion velicles; tXe launching of space cargo
or auclear waste {a cna-ton packecs using off-peak
2laccric pouer.

Backersund

Magnetic guns and launchers have received period-
fc attention for many years, and several large sys-
The fact that none of
these evolved into 3 practical device reflects large-

tarms have aczually been builc.

Yy the immaturizy of required support technology and
The most
recent survey of the fleld was made by the Naval

iacs of ccordinated follow-up programs.

Jeacons Laboratory in 1972, and the report contains
all sigaiflcant prior 3ferences|.

Since 1972 considerable attencion has Leen devo-
ted to linear electric motors in the context of air
cushicn and magnetically levitated high speed trains;
an extensive review published in 1975 contains over
L9 rcferencesz. Most early afforts ccilized linear
Induction =~otors {LIMs) which do not lend themselves
10 nigh acceleration., There avolved one concent,
cwever, the linear synchronous wotor {LSHM) first

proposed by Powall and Danby3 and ultimacely imple-
meanted by Kolm and Thoraton® at MIT; e Is synthe-
tically synchronizad and is capable of very high
accalaration, efficlency and 3peed, G.K.0'Neill of
Peinceton University propased using the LSH for
launching lunar raw materlals Into very precise or-
bits to parmit interception at a space manufacturing
st:ns. thus re~inventing a concept first proposed by
Arthur C. Clarke® In 1950. 0'Neill and Kolm davel-
cpad the 'mass driver' as part of two NASA-AMES sum-
mer studfes {n 1976 and 1977, and a group of students
constructed the first demonstration model at MIT.
It was exhibited at the 1977 Princeton Symposium on
Space Hanufacturlngs and also on the occasion of the
firse flight of the orbiter Enterprise in August 77.
A second, more sophisticatad mass driver I3 presently
under construction at Princeton and MIT, with supp-
ort from NASA-Lewis?.

Another significant effor: was made recently
by Marshall and llrberlo who used the world's larg-
est homopolar cererator at the Australian Naclonal
University in Canberra to power a serles of experi-
manta) dc rallguns., Thelr spectacular success might
not have been of much practical Interest, had it not
been accompanied by equally spectacular progress In
the design of practical pulse-rated homopolar gener-
ators by YWoodson, Weldon and others at the Universi-

ty cf Texas in Austin‘l.

The group also inventzd a
new inertial energy storage device, the 'compensated
alternator", or “compulsator"'z. There has also
been 3 great deal of other work [n the area of encr-
gy storage in relacion to requirements for ohmic

¢ Study supported by U.S.Aray Arcamenc Research
and Davelopmenc Command, Dover NJ, under ARO
grant }o. DARG 29-78-G-0147.

** Lakoratory supported by the Nacioral Science
Foundation.
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heatlng of plasmas In toroidal fusion experiments,
faser-induced fusion, particle bean weapons research
fluch of thls work is
directly applicable to accelerators.

and laser weapons research.
Equally appli-~
cable Is work done in the davelopment of large,
high=-intensity magnet colls, superconducting as well
as normal, for MHD power generstion and for solid
state research. The HIT National Magnet Laboratory
is a center of expertise in this arca". felated
work which is doubly applicable is the davelopment
of large superconducting magnet systems for induc~
tive energy storage at Los Almosl and Sand!a‘s.

In Harch 1977 Or. Harry Falr, head of the Pro-
pulslon Technology Branch of the Army Reseaarch and
Development Command In Dover, N.J., inquired whether
any of the MIT Magneplane or Mass Driver work might
have oranance applications. It was Imwediately ob-
vious that the potantial applications and related
concepts and technologies spanned such a vast range
as to require a nationally coordinated effort. Peter
Kerwmay and Ted Gora of ARRADCON were assigned to
the task of coordinating the efforc within 00D, and
the present authors were funded to conduct a pralim-
inary study. In addition, we have assembled an inter-
3gency steering committee and a technical advisory
panal to ensure liaison with other centers of exper-
tise.

Electromagnetic Accelerator Concepts

We are concerned here with linear motors which
are capable of very high acceleration. This exclu-
des at the outset the sizeable |lterature of linear
motors'6 developed over the years for a variety of
purpeses, !ncluding traverse curtain rods, conveyor
belts, solid w~aste separation, liquid metal pumps,
high speed ground transportation, and even cartain
attempted launch devices. We shall characterize
the features and limitatlons of our basic arsenal of
sccelerator concepts.

The Classic Rallagun

The classlc rallgun is the simplest and also the
most high perfected accelerator. It consists of two
parallel rails connected to a source of dc current,
the projectile consisting of a short-clrcuit slide
propelled between the rails by the Lorentz force
F = BLI/2 newton, where B is the magnetic fleld in-

tensity between the rails in tesla, L Is the length

of the current path through the silde, or the gap
between ralls In meters, and I is the current in am-
peres. The factor of 1/2 accounts for the fact that
the fleld s 8 behind the slide but zero In front of
Iz, the average being 8/2.

The classic rallgun has been studied extensivaly
by Brasz and Sawle of M8 Associates In the mid-sixties
under NASA con:rac:'7, #2d more recently by Marshall
and darber!® vsing the world's largest homopolar gan-
erator at the Australlan National Unlversity in Can-
berra; 1t ls capable of storing 500 MJ.
can operate in two distinct modas. In the mezalllc
conduction mode, currant flows through the sliding
projactile itsalf, and this mode has been demonstra-
ted to & performance levael of about | kg mass and
2,000 ¢ (20,000 n/sz) acceleration by the switching
gun used In the Canberra installation to feed the main
Marshall and Barber found that If the rallgun
Is driven very hard, a plasma arc tends to bypass the
projectile, laaving it behind. By using a non-conduc-
ting lexan projectile and confining the arc behind it

Rallguns

gun.

they were able to achieve a3 performance lavel of 16
gram accelerated at 250,000 ¢ along » 5 m barrel to a
final velocity of 5.9 km/s, As rallguns are extrapol-
ated to largs projectile slzes, the distinction brush
conduction mode and plasma mode s 1ikely to vanish:
brush conduction will be supplemented by arc conduc~
tion as the limit of brush current is exceeded. The
pracilical limit of railgun performance in regard to
projectile slize, acceleration, length and velocizy
will have to be explored by progressive refinement of
raterial and engineering detalls, as in the case of
any rew technology. The Canberra work has provided
sufficient Information to Justify the first acrempe
in this direction, Vcstinghousc{awlth suppors from
DARPA, wlll construct a practiczal railgun system in-
cluding the first pulse-rated homopolar generator de-
signed with attention to overall weight. The objec-
tive is to demonstrate feasibillity of accelerating a
0.33 kg (.73 pound) projectile to a velocity of 3 km/s
(9.8 ft/s), corresponding to a muzzie energy of 1.5 HJ,

To a great extent, the practical limit of rail
guns will depend on acceptable cost and service life,
The problems relate to mechanical containment of the
percussive expansion force which tends to blow the
rails apart, the electromagnetic analog of barrel




prussure in 3 chemical jun, with the importanct diff-
erence that the rallgun maintains more or less con-
Instead
of chemlcal corrosion, thera s the desiructive eff-
ect of high brush current densicy and the ralated

retal vapor arc.

stant prassura throughout the acceleration.

The bady of inowledge available
from the study of brushes and clrcuit breakers does
not extand to the current densities and velocities
in question.

In addicion to these limits, the classic rallgun
also faces cartain fundamental limics which are not
related to acceleration, but to maximum possible
length or maximum muzzle velocity. As a raflgun is
lengthened, the resistance and inductance of the
ralls aventually absorb 3 dominant fraction of the
anergy. The effect is seen 20 begin at about five
meters {n the Canberra tests. Increasing velocity
also causes an Increasing back-emf, Current will
continue to flow, even if this emf exceeds the out-
put voltage of the homopolar generator, because the
intarmediate storage Inductor acts as a current
source, However, there Is 3 practical linit 2o the
voltage which can be stood off by the gap between
ralls, and this scales about linearly with siza.
Thus there are two fundamental affects which limit
the amount of energy that can be transferred to the
arojectile, regardless of how much s avallable.
Another shortcoming of the rallgun is its Inherant
inefficlency. An appreclable amount of energy is
contalned in the rall inductance at the instant the
projecsile leaves, and this energy must be absorbaed
v 3 ruzzle blastc suppressor. A fraction might con-
zeivaole be recurned to the homopolar generator.
There are several means for clrcumventing the limit-
atlons of the classic railgun.

“he Aucrented Pailoun

The magnetic fleld between the ralls can te aug-
-entad by supplementary current wh ch does not flow
tirough the sliding brushes. This current can be
carried by separate conductors flanking the ralls

which wust e farther from the proje=tile), or it
23n 3& added to the rail current itself by simply
terainating the rails with a load resistor or induc~
2or at the nwzxle to carry a fraction of the current.
The rails themselves will obviously contritute =ore
fleld than auxiliary rails located farther away, but

the use of superconducting auxiliary rails might Sa

1t should be noted
that raflgun flelds are much higher than the cricical
flelds of superconductors. Augmentation has the ob-
vious effect of raducing the amount of current flowing
through the brushes and the projectila, and thareby
the nacessary conductor mass which must be accalera-
ted.

expedient in some applications.

tt should also be noted that the sugmenting
fleld is twice as effective as the rail field itself,
The augmenting field pravalls in front of the projec-
tile as well as behind it, thereby aliminating the
factor of 1/2 In the Lorentz force expression. This
fact is important inasmuch as It reduces to ona half
tha rall burstlng force which must be contained for a
given acceleration,

Augmentation therefore amelliorates both the brush
current density limitation and the bursting faorce con-
talnment limitation of classic railguns.

The Segmented Rallgun

The length limitation imposed by rail resistance
and rail unductance can be circumvented by simply sub~
dividing a long railgun Into short segments, each fed
by an independent local enargy source. This will of
course involve certain commutation problems as the
projectile transitions between segments, but will per-
mit using part of the energy stored [n aach segment
to energize the subsequent sagmant. The segmented
rallgun seems promising for launching larga masses
such as alrcraf: at low acceleration. In very long
launchers, the use cf multiple independent energy
supplies witl have other advantages as well,
tass D-lvers

«$ mantloned in the Introduczion, the mass driver
is a direct adaptation of the linear synchroncus mo-
tor flrst concejved end developed as the ¥IT Magne-
plane systen in !970-75“, a high-speed magnetically
levitated train. The mass driver can Se planar or
3).ial depending on requirements. The axfal configur~
atlon permits higher afficiency and is therefore
preferred for high acaeleratlon, while the planar con-
figuracion will accommodate payloads which need not
3e cylindrical and may have any arbitrary shace.

In both casas, the payload is carried by 3 re-
useable vehicle, called the bucket, which is provided

with wo suoerconducting $oils carrying a persistent
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current and gulded without contact by repulsive eddy
currents Induced by the bucket motion in an aluminua
guideway. The bucket Is propeiled by a series of
drive colls which are pulsed In synchronism as the
bucket passes by. The bucket operates llke a surfe
toard riding the forward crest of a magnazic travel-
ling wave, the wave belng generated by the drive
coils and synchronized by position sansors. Buckets
can be launched at repetition rates of 10 per sacond,
fach bucket releases its payload at 3 praclse speed,’
is decelerated, and then returns to the starting
point on a return track to be relosded and relaunched,

Mass drivers can operate in the 'push-only" mode
as In the case of Hass Driver One, or In the pull-
push mode of Hass Driver Two, now under construction,
In which each drive coll undergoes a complete sinus-
oidal oscillatlion by belng connected synchronously
to a supply capacitor tlne. By tuning this cycle
to the effectliv & wavelength of the bucket It is
possible to achiave energy transfer efficienclaes,
electric-to-mechanical, of better than 90 percent.

Ve should add that the bucket~to-payload ratio is
about unity, and that about half the bucket energy
is recoverabla by regenarative braking.

For all practical purposes, mass drivers have no
velocity limit and no length limic. Accaleration has
bean limited thus far by the current and voltage ca-
pacity of the SCRs used for switching. Using shelf
components, Mass Driver Two should achiave 500 to
1,000 g. If the SCR limitatlon is removed, by using
jgnltrons, spark gaps, or diract contact switching,
performance will be limited by mechanical and thermal
failure of the drive coils. Some preliminary calecu-
lations based on a four Inch caliber mass driver
using aluminum bucket colls and copper drive colls
suggest an acceleration limit between 100,000 and
250,000 g. This is comparable to rallgun performance.
However, the failure mode of drive colls under fast
pulse conditions Is a very complex subject requiring
experimental study.

All previous mass driver designs are based on s
bucket coil current density of 25 kA/cm2 of cable,
achieved in an uperational model of the MIT magne-
plane. Superconductars should withstand up to four
times this current density at the low field intensity

and stored energy involved. It should also be point-

ed out that mass drivers do not necassarilyfequire
superconducting buckat colls. For perlods of the
order of 0.1 seccnd 12 Is actually possible 2o main-
tain higher current densities In normal conductors,
Haximu. performance mass drivers are therefore likely
to utilize aluminum bucket colls, possibly precooled
to liquid nitrogen teamperature, fed by sliding brush-
a3, and drive colls triggered by physical contact.

0f course this would eliminate the non-~contact advan-
Tages,

A unlque feature of mass drivers bears emphasis:
although they are energlzed by capacitors, the cost-
liest, heavies: and bulkiest anergy store known, each
capacitor Is usad hundreds or thousands of times dur-
ing aach launch cycle by baing connectad to many drive
coils through feeder lines. This permits the use of
an efficient but slower Intermediate enargy store,
such as 2 compulsator or MHD generator.

The Helical Railoun

The rallgun is in essence a single~turn motor.

A multi-turn railgun would reduce the rall current
and the brush current by a factor equal to the aumber
of turns. |t therefora seems worth-while to study

a "halical ratlgun'. In this hybrid davice, the two
ralls are surrounded by » simple helical barrel, and
the projectile or re-useable carrier is also helical.
The projectile is energlzed continuously by two brush-
es sliding along the ralls, and two or more additional
brushes on the projectile sarve to energize and commu-
tate savaral windings of the helical barrel directly
in front of and/or ¢_.hind the projectile. The heli-
cal rallgun is in fact a cross between the railgun

and the mass driver.

Sunerconducting Slingshots

Accelerators based on mechanical energy storage
have not been used since the day of the bow and medle-
val catapult, with the exception of naval alrcrafe
launching. Mechanical energy storage devices are bulky,
heavy, and slow to release thelir enerqgy. The advent
of practical superconducting magnets provides a good
mechanical storage mechanism, the "magnetic slingshot'

Consider a short superconducting solenoid which
is free to slide inside a lono one. The travelling
solenoid will be either attracted to or repelled from
the center of the long solenoid, depending on the
direction of relative magnetization. Either configur~
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ation can serve a3 an electromagnatic slingshot,

In the attractive cenfiguration, the travelling sol-
enoid can serve as a payload-carrying shuttle bucket,
Released at the breach end of the barral coll, it
will accelerate o the center, where it will release
its payload at maximum velocity, come to rest at the
ruzzle, and then return ampty to & position short

of Its release point, from where it can be returned
to the ralease point by mechanical force, possibly
by 3 thermal cycle. This osclilation i3 Inherently
loss-less, 2xcept for possible eddy currents induced
in nearby rmetal.

In the repulstve configuration, the travelling
solenoid will be moved by mechanical force from the
hreach to 2 point just bayond the cantar of the
barrel. When releasad, it will be expelled from the
ruzzle as part of the projectile. Velocities up o
several hundred m/s are attainable by slingshots.

The Suoerconducting Quench Gun

8y successively quenching a line of adjacent

coaxlial superconducting coils forming a gun barrel,
it is possible to generate a wave of magnetlic fleld
gradient travelling at any desired speed. A travel-
ling superconducting coll can be made to ride this
wave like a surfbosrd. The device in fact repre-
sents a mass driver or linear synchronous motor in
which the propulsion energy is stored directly in
the drive coils.

1npulse Accalerators

A brass washer placed on top of a versically
arianted pulsed field coll is driven upward, acceler-
ated by eddy currents which tend to e 180° out of
shase with the inducing field pulse. The resulting
i~pulse has teen used commercially since 1962 for
=etal forming cperaticns, for instance for swaging
terainal fitzings around alrcraft control cables.

The process has certaln applications for accelera-
tien. It can te made into a synchronous induction
~otor whose performance is limited by the thermal
inertia of the sliding member.

The Momentum Vransforrer

A novel conceot Jescribed here for the first
z.me 15 wnat we shall call the "=omentun transformer?
1t nakes use of 3 so-called “flux concentracor,
first studied Sy Howland at MIT Lincoln Laboratory

™
in 1960"7, & flux concentrater is simoly a zonduc-

ting cylinder with 3 funne!led bore, and at least one
radial slot extending from the Inside to the outside
surface, The cylinder is surrounded by a pulsed fleld
windling, preferably imbedded in a helical groove to
minimize hoop stressas. A fast pulsed current in the
winding Induces an opposite Image current In the out-
ar surface of thewcylinder, 9ue tc the radial sloc,
this inducad current s forced to return along the
inner perimatar of the cylinder, thereby generating

a magnetic fleld in the funnelled bore. All of the
magnetic flux which would have filled the pulsed fleld
winding in the absence of the concentrator is thus
comprassed into the central bore, resulting in a fleld
Intensity which Is higher than it would have been

by about the outrsida-to-~inside cross section ratlo.
The device was used at MIT for high fleld rasearch

In 1965,

used a flux concentrator with a tapered

and also for industrial metal forming.
Chapmonzo
bora for asccalerating milligram metal spheras to
hypervelocities. Using a first stage explosive
flux compressar, Chapman managed to reach peak flelds
ln excess of 7 megagauss, starting with an iniziat
fiald of only 40 kilogauss.

The momentum transformer proposed here uses a
flux concentrator as the armature or sabot in a chem-
The bore of this

sabot is occupied by a much smaller projectile, for

ically driven conventional gun,

The muxzle
end of the gun i3 3 pulsed fleld winding imbedded in
3 helical groove, which Is excitad with a current

instance a rod-shaped armor penetrator.

pulse sufficlently slow to panetrate the barrel and
fill the bore with magnetlic flux. When the sabot
enters this flux reglon so rapldly that the effeczive
penatration depth of the fleld Is small, it compress-
es the flux into its inner bore, decelerates drascic-
ally, and expels the projectile contained in its bore
at a nuch higher velocity. The device should have very
titela recoll because the muzzle coll ac:s like 3
muzzle brake, transferring much of the satot momentum
20 the barrel. The process can be multi-staged with
3 serias of nesting sabots.

Aoplicatlion to Hvoarvelocity Research

The acceleration of milligram to grm size pellecs
to hypervelocities, 1.2., 10 to 100 km/s, already has
a licerature of three decades. lesearch areas incluae
nicrometeorite innact studies, equation-of-state re-
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searcn, terminal ballistics, etc. A new application
of currant interest involves the achievemant of fus-
fon by pellez impazt at several hundred km/s.

Hich Veloclty Arzlllery

Projectiles In the range of ten grams to & kilo=
gram accelerated to 3 to 10 or 20 kn/s have foresec~
able applications. The destruction of missiles In
space, where mass Is a2 a premium s one obvious use.
Another 1s 2he possible intercention of Incoming
rounds by ships and armored vehicles. This requires
small projectilas travalling at speeds much greater
than the Incoming round, capable of dctonating, de-
forming, or Just deflecting them. Plasma-driven
railguns already have the required capacility on a
laborazory basis. If Incoming round interception can
be accomplished with good rellability, it will make
armored vehicles as obsolate as knights on horseback.

An arnor penetrator flred az 3 km/s, twice pre-
sent speed, needs only to be about one fifth the size
to inflict equal darmage. If In addizion {2 can ba
propelled with available diesel fueal, tanks can be
given five times present capabllity with drastically
reduced vulnerabilizy. We are dealing here with en-
ergy pulses In the 1 to 3 MJ range, supplied by the
primary propulsion engine of the tank.

Stretcher=-Size Loglstic Supply and Medical
Evacuation Vehicle

It Is an irony of modern tactical warfare that
an arrored advance can be supported with many tons
per minute of artililery, but not by a single gallon
of fuel or pound of food. Hellicopters and parachutes
are 100 vulnerable for battlefield use, and the chem-
fcal gun does not lend itself to logistic supply
applications. Electromagnetic launchers can fill
this need.

A 300 pound stretcher or supply module can be
launched from a 100-foot, truck-mounted ramp to 100
mph at 3.3 g acceleration, using only 0.1k HJ of en-
ergy. 1t could easily be guided to a soft landing
by mlcrowave or conventional ILS type guidance sys-
tem located at the destination point. The vehicle
would operate at high speed, low trajectory, be rela-
tively invulnerable and weather-independent, and sig-
nfficantly less expensive and fuel-consumptive than
a helicopter. |12 could be built using available
technology.

Licht Plana Launchers

It is Interesting to study tie generation of
STOL alrcrafz which could be designed by eliminating
the requiremant af Inordinate take-off thrust from on-
board engines.
Soace Vehicle Launcher

The appllication of mass drivers for lunar launch=
ing and for use as reaction engines in orbizal trans-
far has already been studied nx:onslvnly7. However,
the possibllity of eleciromagnetic earth-basac launch-
ing, proposed by sclencd ficzion writers since the
fortias, has never before been considered serlously,
On the basis of computer software developad by NASA
in connectlion with the Venus landcrzl. it appaars
guite practical,

A telephone-pole shaped vehicle § inches in dia-
meter and 20 feet In length, waighing 1.5 tonnes,
accalerated to 20 kx/s at sea leve! would traverse
the 8 km atmosphare In half a second, emerging az 14
km/s, which Is enough veloclity o escape the solar
system. It would lose 3 to 6 parcent of lts mass by
ablation of a carbon shield, Initial projeczile ener-
gy would be 300 x 10°J, one third of which would be
lost in traversing the atmosphers.

Tha launch energy may seem formidable, but it
amounts to only 83 Mi-hrs, which represents saveral
minutes of output by a large metropolitan utilizy
planz. The required lavacher would be 20 ka long at
1,000 g acceleration; it would be only 2 km long, less
than a small airport runway, at 10,000 g, which should
be easily attainable. Such a launcher could be in-
stalled on a hillside, or in a vertical hole made by
an oversize rotary well drilling rig.

Ons potential applicatlon is the disposal of nuc-
fear waste. 2,000 tons of waste will be generated
between 1980 and 2000. This waste could be launched
out of the solar system by using off-peak powar from
a utllity plant at a cuiz corresponding to only 2
cents par kw-hr of generatad power which produced the
waste. Considering that the average cost of power
during the perlod will be 22 cents per kw-hr, this
waste disposal cost Is very low.

Conclusions

Rotary motors have not yet approached the con-
ceptual or practical limits of their potential, even
after a century of intensive evolution. Fundamental




Innovation still occurs under the stimulation of new
tachnology and new needs.

Linear motors have not been pursued to anywhere
nedr a comparable degrae, although an apprecliable
literature axists. Linear motors might be on the
threshhold of an evolution comparable to the evolu-

tion of rotary motors. The above survey indicages

that there I3 no shortage of new concepts or usas.
Yhat makes this fleld exciting Is the advent of new
pulied energy sources, and the challenging fact that
3 ootor of zerc curvature is virtually free of all
fundamenzal limitaticons on size, acceleration and

veloclity.
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INVITED
THE NTAN AND LONG TEXM PULSE POWER YEQUIRDMENT FOR LASER TDARIVEN INERTIAL CONTINIMEINT FUSIQNe

W.L. Gagnon

Lavrenca Liversore laborazory
Liversare, California 94550

ABSTRACT

Inercisl conlinement fusion research is being
vigorously pursued at the Luvranca Livarwora
Laboratory and at other laboratories throughout
the vorld.

At tha lavrence Liveraora Ladoratory, major
ssphasis has bean placed upon the development of
large, Nd:glass laser systess in ovdar to 3ddress
the bdasic physics lssuas associated with lighe
driven fusion targezs.

A parallel progras is direcred tnward the davelop-
aanz of lasars which exhibic higher afficlencies
and shorter wavalengchs and are thus more suizable
This paper
discusses the pulse pover tachnology vhich has been
developad to seet the near and far term needs of

as drivezs Zor fusion powar planta.

the laser fusion program at Livermore.

Inzroduczinn

Tha Laser Fusion ,r°‘=.'1.2.3,~

is making rapid
progress tovard achieving thersonuclear {usion.
Qne of che keys to this rapid progreass is the
saquenca of laser {acilizies with incraasing power
(Tiz. 1) davelopad ac LLL in pursuit of the laser
fusion program goals. Janur has yielded an ax-
tensive catalogue of laser fusion dats and zeasure-
sents of alpha particles desonscrating the IN
nature of tha izmplosiocn reaction, thus achieving
the firsc nilestons. Cyclops focused 0.6 TW on
zarget froa a single laser choin and has served as

a prococype for the largze, multi-arm Shiva and

*Hork perforned under the auspices of the U.S.
Dept. of Energy by che Lawrence Liverzore Lab.
under contract no. W-7405~Eng. 48.

c:"
v__‘.
t 9 e MEAnAY SR v e = . e S S B S S e
wil o
wibe ! [
Sprtusst Smsmtey W ey
t'l—t—--ﬂ : e .
2 a- g~ ]
‘-"~< : ‘:TH he
31 S P $-u 1 © Sumn——— b
s
L e e S N N S R
Cmniny vow
Fig. 1: LLL lasar-fusion yield projections and

laser syscems. A series of incraasingly
poverful Nd:gluss lasars has been built
for laser fusion expariments.

and Argus systems. Argus has oparatad at greatar
than 4 TW Zrom two lasar chains and has nov pro-
duced more than ona billion neuctrons on & single
shot, with a pallat gain of 2 x 1073, Shiva, a
20 arm, 20 TW syatem has baen operational since
February 1978 and has produced a neutron yleld of
2.7 x 1010 and compressions of 50X ligquid densizy.
Rovns, currently undar construction, will produce
saversl hundrad TR of output power and demonuscrace
the foasibility of nac energy gain with high 3ain
afcroexplosicas.

Exch laser systes in chis prograssion las increased
in both size and complexity. The pulse powar hard-
vare raprasents absut one-quarcer of the total pro-
For Shiva,

this amounted to $7M and for Nova ve expact the

Jecc cost for each of thease systams.
pulser powver system tost to axcaed $30M. We have
developed reliable, cost affective, and scalabie
pulse powver technology specifically suited to
meet the neads of large Nd:glass lasers.
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Fig. 2t Izargy versus pulse uidth parametars for

tha zmajor pulse pover requizemencs of che
l1azer fudlon program.

Figura 2 shova tha paranatar space {a vhich these
pulie pover raquictenents lia. Tha lov énargy,
fast pulsa circulesy addresses the naeds for very
133z optical ivizches vhich acz to suppriss amp-

L3144 3pontanecus anizsion within the lasar
<hains, as vell as zo protect the laser f{rom
zargas veflected lighe. The high enargy, rela-
tivalv 2lov pulse cizculcsy 2ldressas the pusp
gagquiramencs for these lasers, and £ 3 Iin this

£a3 that =03t of zha syates cost i3 accounted for.
his tacknology has bean the Zocus of a great daal
LT e!!o::6‘7 al=ad az inproving boch it3 perioma-
ance and coat effaczivenass.

hiz rapar will daserida the pulie power hardvaze
which has bean developed and i=plesented ac the
tavranca Livarzore Laboratory for thede large

i33ar svscans, as wall as discussing some proaising
alzamacive tachaolegiaa vhich azea curzeatly uader
iavalopzens.

Lasar Punoing Resuira=ents

The laser a=pliZiers (see Tig. J) are puapad with
inzensa broadband lighe oucpuc fToa large bore
sanon flaghlazmps. The 3uzp enargy i3 dalivered Iin
approxizacely $00 mfcrozecsnds and che peair pover
requiresenzs {shown in T13. %) far excead the
sapacizy of the pover grid. Thus, large capacitor
2anks are used 3s incarzediace scorage alezencs.

Zhe wenon f£lashlazps are nonlin-ar resiscive

loadns

with cvo distineely diflavant Lmpedance
states - roughly corresponding to tha time during
vhich cha lawps ara in the lonizacion or triggering
»ode and tha time ac vhich cha {ull volume of the
lawp (s conducting curreat. Typlcal voltage and
curTent vaveforasd for a saries laap palr am
shown In Fig. 3. Tha )5 RY volctage pulse requizal
2o infciaca the lonization procass is dalidarataly
produced by the trangfent bdahavior of the Yank
circuiezy. Afcar full voluma fonizaclon within
the lamp, the voltage and current aga gtelated by
the nonlinear ralationship

v ~xt®
vhats X is a consctanc detarainad by the geomet:y
and gas 2{1) nrassuce of tha lamp. The axponent
3 i» approxiwatily .5 ac curzeet maximue,

g

R )

A 34 cm claar aparcure disk amplifier.
The 16 xenon Zlashlaaps (8§ top 3nd 8
bottox) vequire a total anargy of 300 WJ.
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Fig. 5: Volzage and curvent vavaforms for large

bore xenon {lashlasps.

The requizead cnergy Per lsmp depesds upon the
langeh and diamecer selected. This varias Irom a
{ev huadred joules for tha small lawps zo almost
20 kilojoules for tha lazger lsmpa. Tha lawps are
arranged ia saries pairs and drivea by a capacitive
endzgy dtorage modula which is zallered to previde
the nacessary endrgy sad pulse shape. Each module
conzaing the necassary energy storage capacitors,
pulse forming inductor, dump resistors amd high
voltage {solating fuse. The modulas are assembled
as integral uaizs and are moved vith a wodified
fork 1ife. Showm in Fig. € is a 2.5 MJ sepgment of
these nodules 33 installed in tha 25 }J Shiva
e3ergy stoTage systim.

Controls

The dasign of the concrols and diagnostics for
zhese pulse pover systems is dictated by severe
operational :cquircnnn:s.’ A large number of con-
zzol and diagnoscic points must be addressed and
chesa ganarally lie close to the pulse power
eircuizry vhere they are axposed to transients of
several kilovoles. Thus a high degreea of slectricsl
i130lazion is essenzial. Tha early systess (Janus,
Cyclops and Argus) vere small enough to allov the
use of hard vired zelay control systems with limited
diagnosctic capabilizy. Shiva and Nova are sub-
stancially larger and these control systems musz be
able zo carry out pre-shot diagnostics, decect resl

tize =alfunczions, and izplemant dacta sctorage and

Fig, §: A 2.5 MJ sepwent of the 25 MJ Shiva

capacizor baak.
retrieval functions To aid in post shot trouble-
shooting.

With this in mind, we have developed a digizal
based control and diagnostic system with a high
degree of electrical isolation. The control
system iz organized around the LSI-1l micro-
computar as shown in Fig. 7. The LSI-1l1 internal

[ e = et o

)

Fig. 7:

Block diagram of the Shiva pulse power
control systemz.
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data bus i3 extended throughout the laszar day and
anergy storage areas to include all contrel and
dl{agnostic poincs, As shown (F43. 7), a SOV,

low {npedance dats dus extands Irom the LSI-11 to
tha {ntezfaca poines, 60 kilovolts of optical
{30lazion {3 amployed batveen zhe LSI-11 and tha
bus, and 3.3 kilovoles is amployed batwvaen the bus
and any incerface point. This syscem has been
optrating successfully In the Shiva lasar for the

past 18 sonchs.

For Yova, the saze approach will be iaplemented,
hovaver, f{bar-optic links ¥ill be used axteasivaly.
A proctotype for the Nova control systas I3
currantly uoder Resc.

Apcical Caces
A vatlaty of optical zates have beea davaloned for

uz¢e vithin tha lasar chalns.
gorizad as eizhar opening gacas (uaed to prevent
ampliZied spontanecus eaission during the pusp
saricd) or closing gates (uded to protact the laser
{zo= targec back veflacted lighe).

Thase can ha cata-

At zhe s=xl) aperzuze points (10 ca) in the
lasar chain, Pockals cells are used as opening
Z3tag. AC apeztures larger than 10 c=, Pockals
calls are no longer practical bacause of the
difftculey of growing large diaseter crystals.

Tor che large apercure applicacions ve have
davaloped fast votacing shucters vhich wvill be
Yscacad ac the Zocal polnts of the spacdal filtars

vhere zha beas dis=ecar (s a few =illi=ecers.

In general, zhe Pockels call circuitry supplies
=nylgas of zbout 10 kV vich vise tizes of a fav
aanoseconds and pulse widehs of sevaral cens of

10 shown {a Fig. 8§ is

=anoseconds. The circult
eurrencly Iin use in bord tha Shiva and Argus
tasers. As shown, 2 zingle spark gap (or chyra-

sron) suvitches che shiaelds on 20 separace cables.
Tue pulse width is sec by che pulse forming cable
and zhe load cables feed che Pockels cells. ?2ulse

2> pulse iizcer !s less cthan 10 nanoseconds.
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¥ig, §: Tux 20-vay pulsars lika the une showm

above ara used to drive cha Shiva Pockals
calls. Tha swictch can ba aither a
tziggered spark gap or a hydrogen thratron.

Tha riza tiwe and jicter raquirezents for the
Pockels cells used {n the osclllator switch-ours
are considarably tora asevera.
pulse {s needed (110 ns) vich pulse to julse

Tor thesa

Hare, a vary narrovw

Jiccurs of much lass thun a nanosecond.
applicacions ve have developed planar triode pulse
circulezy such as shown {n Fig. 9. The use of

planar triodes, constant resiszanca networks and

u has aade

high Zrequancy cincuit tachniques
possible a family of pulse amplifierz with nano~
second riak times and jitzars of lass than 100 ps.

Typlcal outputs are in the zange of 5 to 15 kV.
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Fig. 9: Shown above is one axazple of a fasz
planar ctriode pulse azplifier. A nusder
of these are currently in operation pro-
ducing oucpur voltages across Pockels
cells of 3 - 5 kV with rise cizes of

1 -2 ns.




~lesing shustars arg used to prevent targes back-
raflected lighs Irom raentering tha laser chsin

and da=aping optieal cosponants.
e=ploy Faraday rozacor/polarizar
optical gates. Hovever, this is

Praseant systems
combinacions as
an expenaive
solution, especially at lazge aparturas, Lecause
the anergy contalined in the magnazic {ield (n the
To2aor slatc increasas directly as tha voluma.

In addition, the rovator glass adds noanlinear path
lengch ©o the beaz. Wa have developed an alter-
native fasc closing shun:crlz vhich is locazed ac
the {inal spacial filcer pinhola. This shutter

Jdowm dn Fig. 10) r:pldlv 1nj¢c s a plasme of
dansicy greater than 10 Ica (che crizicsal densizy
for 1.06 zicron light) across the spatisl filter
pinhcle afzar the outgoing light pulse has passed.
A plas=a velociey of abour 1 ez per aicrosecond is
raquired to insure the pinhole s blocked befora
the refleczead light returns. Tha plassa is pro-
duced by sublizating a szall nass 0of aluminus foil
vith pulsed anergy fzow the lov inductance PFN
showvn in Fig., 1l. Eight of these PPN's are Marx
chargad to 59 kV and discharged through mulci-
channel gaps into the foil. A total enargy of
spproxi=acaly 10 kJ is raquired.

af ‘-, [ ~‘~$
g ::J - M \‘@"“
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Fig. 10: A fast plasma shutter is used to inject
a densc plasaa across a spatial filter
pinhole to block back-reflected bean

from reentering the laser.

Long Ter= Reguirements

In the near cers=, we are meeting the laser fusion
pulse power requirements by implementing hardware
solutions which are based upon existing technology
of moderate extensions of existing technology.

The longer terz requirements involve developing
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Fig. 1l: Cross section of tha plasma shutter

pulser.
hardvare vhich vill oparate reliadbly {or 107 T
further, the
{nstalled costs »ust approach 3 fev dollars pnr‘
Joule in ordar for any of the inarcial confinemant
fusion driver options to be economically feasibla.
This implies the davelopment of lower cost, Tap-
rateabla enargy storage systems, relisble, high
pover solid stata switchas, and systam configura-

10s shots on a rap-rated basic.

tions which do not involve stressing diwlecerics
into the corona regima. One such concept is
{lluscraved in Fig. 12.
fast discharge (50 to 100 us) primary enargy source
umakas poxsibla 2 system vhich eliminaces the
requiresant for a cransfar capaciter and allovs

As shown, the use of a

for rapid charga of the output pulse forming line.

Primery Fast Losd
Mgy oUrce — switch
: —-
T
Charge e
g 7
uh-d - =
Fig. 12: The basic elements of a fasc charge/

discharge rep-rateable pulse pover
system.

A key element in this concept i{s the high peak
power pulsed energy source and the Universicy of
Texas, fenter for Electromechanics at Austin, is




cusrently Jeveloping such a dcviccls'lk (the

¢ompensated pulizad altarnazor) for the Laser
fusi{en Prograa. showm {n Tig. 13,
i3 2 rotacing Zlux cospressor capadble of producing
zeagajoulex of outpuct anergy over a1 pulse wideh
nilliseconds to balow 100 us.
The prococype, curzancly under test, i3 designed
t0 drive {lashlamp loads with a half afllisecond
pulsa of about 100 kA at 6 kV. Afzer verification
of the prototype parformance, 2 larger machine,

This =achina,

range fzo0a saveral

{n the several =agajoule class and with an open
clzeulr voltage of approxizmactely 15 kV will be
bulle. He hope to i{=plesent this technology for
Phasa I of the Nova projece.

Aztiscs conception of the cozpensacad
pulsed alternacor.
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P33
INVITED
® Self-Magnetically Insulated Povar Flowt

J« P. VanDevender

() Sandia Laboratories, Albuquerque, lew Mexico 87183

Abscract

Elsctromagnetic pover transport through seli-
sagnetically insulated vacuum transmission linas
hes bean developed into a useful and reljadle
tachnology. A pover density of 160 TW/a* has

been transported at ~ 100 percent efficiency over
six metars. The theoratical uanderstanding of power
fiov through lines of constant cross section has
progressed through analyzical theory and 2-D elac-
troasgnazic parcicle simulations. Howvever, work
needs to b¢ done on the effects of line transitions
in vhich the cross saction changes in the direction
of pover flow. The major features of our present
undarszanding will ba reviawved and some promising
hypotheses now under investigation will be
presentad,

Introduction

High current particle beam scceleratcrs for
Inercial Confinement Fusion must produce approxi-
nately 30 to 100 TW of pover and deliver {t to the
anode/cathode (A-K) gap at ~ 1 mater from the
target. The limiting factor! on accelerator

pover has been the allowvable pover flow through the
{nterface between vacuum and the liquid diclccirgcs
in the pulse forming network. Sevaral authors*™
have proposed using many separate vacuum interfaces
in paraliel and transporting the power to the A=K
gap through self-magnetically insulated transmis-
sion lines (MITL). In ICF accelerators, the

20-40 ns pulse width is less than or equal to the
tvo vay transit time through the vacuum line.
Consequently, the power transport sust be made
efficient vithout the benefit of choosing an
optimus load impedance to improve magnetic insula-
tion. Self-magnetic Jasulation in these circum=
stances is called the long line or short pulse
problem and has been the object of major resezrch
and developaent efforts in the EBFA® lcccltrltc5
program at Sandia laboratories and the Angara V
program at Xurchatov laboratory.

Experiments 9"8t9. long line problem at several
laboratories’*®'’ showed net pover transport
efficiencies of ~ 60 percent chrough six to ten
neter long lines with negative {.mer conductors.
The efficiency dropped to ~ 40 percent with the
positive inner conductor required for light ion
acceleration.

*This work was supported by the U.S. Dept. of
Energy, under Contract DE-ACO4-76-DP00789.

Later expcrin«ntnlo on the Mize accelerator, vhich
i3 one module of EBFA, revealed saveral loss
mechanisns, When these machanisms vere avoided by
redesigning the input into the MITL, the pover
transport improved to ~ 100 parcent vith a negativa
inner conductor. The rasults have been interpreced
as a set of criteria for efficlent self-magnatic
insulation.,” Positive polarity oparation wvas

not attemptad ‘f that time. In a subsequent sat

of experimants, ! which w{ll be briefly discussed
at the and of this paper, an injector convolucte
that oparated at ~ 100 parcent afZiciency in elzhar
polarity vas developed and zdopted for Z3FA 1.

In all of these expariments the nost intrinsic loss
vas assoclated with the ctransicion from the weakly
stressed vacuum {nsulator to cthe highly stressed
magnatically insulated cransmission line. Much of
our recent pover flov research has been directed
tovards elucidating the physics of that loss
machanism. In this paper the basic phenomana
associated with long self-magnetically insulated
pover transport will be reviaved, the elemenzs of
our working hypothesis on the effacts of convolutes
will be prasented, and the implications of the
hypothasis on bi-polarity input convolutes will be
discussed.

Self-Mapnatic Insulation in Vacuum Feed Lines of
Uni{form Cross Section

The self-magnetically insulated flovw i{n a long MITL
is astablished in the following steps as indicated
in Fig. la-ld. When a vol:iage is applied to the
parallel plate transmission line of impedance 2.,

a TEM vave propagates down the line as shown in
Fig. la. When the eleceric field in the i;ne
reaches 25 to 40 XV/m, explosive saission’~ occurs
on the cathode and a cathode plg:nu foras. A coat-
ing of carbon that is ~2 x_ 1077 u chick with a
surface resistivity of ~ 10° 01/sq facilitates the
formation of a spatially uniform cathode plasma.
The plasma becomes a space charge limited source of
electrons vhich are initially accelsrated across the
gap by the electric field, as shown in Fig. 1b,
When the magnetic field from the displacement cur-
rent density U and the electron loss current density
J, becomes sufficienctly large, the electrons behind
:kl! point are prevented from reaching the anode
and ave magnetically insulated as shown in Fig. lc.
Since the condictance is greater than zero in the
loss rcgiogo Ege yvegion of loss propagages at a
velociry’ “20113710 o0y than ¢ = 3 x 10° o/s.
Behind che lossy front, the pulse propagates at c.
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sel? lizmited {apedance.
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cricical

As discussed by xa:nuv,13 the affect i3 analogous
t> a shock wave {n 1 gas. Since che shock valocity
{3 laus cthan cthe sound speed behing the fronc, the
anergy propagatas to the shock front and steepens
the pressure profile uncil the widch of the shock
{ront {3 decerained solely by the nature of the
iissipacive process {n che fronc. Slailarly,

the pover flow 53 the lossy front {n an "electro-
aagnecdie shock™*~ causes the voltage profile to
steepen uncil {c i3 limited by space-charge-liaitad
elecc:is flov in the Zront. In the Mite expari-
=ents,*Y the neasured risati=e of che Zront vas
Liafzad by the frequency response of tha Rogowskil
anil surrent monitors and the zecording oscillo-
scope 20 ¢ 2 ns after six nccers of line.

The wvery large dI/fde 2 2 % 102 a7 1s advantageous
for diode operation but causes rather severs diag-
roscic prebless. When the voltage pulse has
sharpenad to {ts self~-limicted risecime, the scruc-
ture propagates down the line as shown in Fig. 1d.
The scruccure of the fronc determines the racio of
zhe volzage and current bdehind cthe fronc and dever—
sines the sensitivity of che elecsron flew to
sarzurbations {n the line. The struccure of the
Zront has not bSeen adequacaly investigaced experi-
zencally. However, the 2-D elec.risagnetlc ?IC
si=ulacions of ?sukey an Ig:geron and the
analycic theory nf Sordeev:! vield the following

{dealized acdel of the front as {llustrated in
Fig. 2. & voltage step, which has sufficient
anplicuda to form the cathode plasma, propagatas
down the line at the valocity of ¢. Sinca the
lossy front propagates at a velocity U, < ¢, ctha
duration of this precursor increases uith time.

In the leading edge of tha lossy front, the apace-
charge~limited electron esmission loads down tha
voltage. Most of the loss currnn: {s lost at a
voltage of JO to 350 pcrcnig of V_, vhich {s the
voltage baldnd tha froat. lotg the magnetic
field and the voltage incressas vith increasing
distance {nto the front. Behind the loss region,
the vacuum gap hetveen the elactron flow and tha
anode {ncressas vith inczaasing discance from the
front. As the electron Zlov recedes from the
anode, the affactive line {npedanceVL/C increases
snd the voltage increases to ¥, . The scale langth
ovar vhich the loss occurs {3 several times the gap
wideth, Asthough the nnanurcnnnt,_r& loss current
dcnll:y, 18& pracucrsor voltage and pulie
tisatines’ are consisctent with this wodel, the
daca has not been adequata to verify the decrails
of the szructure.
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Flge 2. From a 2-D simulacion like ReZ. 15 by

J. W. Poukey, the voltage and loss curzentc
profiles in cthe Zront ara ahown in (a)

and electron crajeccories are shown in
(b). The zotal loss currant {s 177 kA
out of a total curranc of 450 kA for

Vo " 2.4 W,

The details of cthe front scructure are {mporzant
because they deteraine the total current [ and
boundary curreat Iy (L.e., the current Iloving in
the netal, negacive electroda) :hroYEh she MITL
behind the front. The 1-D theories*™ == have
shown that the a conctinuum of solutions exist for
the total current in a MITL act a given voltage.
Ea;h soluction corresponds to a different value of
‘ LT and a different boundary to the alectron 2

low, as {lluscrated in Fig. 3 for parapocencial~
'lov {a a 2 MV line of {=pedance 2. The correct
solucion of the 1-D flow is de:erngned by the 2-D
£low in che Zronct.

The experiments with shore, self-limited lines and
long self-magnecically 1nsu1n:ed lines have shown
chat the 5353 ,gi LNATH a funczion of the
volzage, 7'~ These 3nca are incerprected in




37

Tig. 3. The range of parapotential soluti{ocas for
1, as are function 0f Lo /Iy for V = 2 W
i{s shoun. Each solution corrasponds to a
diffarent position Xg of the electron

sheath in the gap D.

Fig, & cthrough the plrlpotcntillzo aodel o yield
the racio Iy/I. and X /d, in which X, {s the thick~
ness of the aleczron glov and d, is the vacuum

gap. I X, /d) = 1, the electron flov entirely
21115 the vacuum gap and the flov {x called satu-
rated. 1 X /) <1, the flov is unsaturated

and theru is a vacuus gap between the flovw and the
anode. The ratio of X /d, indicates the sensitivicy
of the pover transport to small perturbations in
the gap separation. 1f the flov is very close to
tha anode, then small parturbations ia the line
gtonetry 3ay cause the sheath to fluctuate and

part of the flov to be lost. The parapotential
aodei 2ay not exactly describe ttg flov in a MIIL,
{or example, the 2-D simulations”™ show that the
sheath boundary is diffuse and {3 not discontinuvous
as the parapotential model requixes. However, the
location of the shaath boundlis AR 1 with the
aodel gnd. both experiments!™iY1¢914Y gnd gimula-
:lonsl have shown sufficlencly good a agreement
wirh the aodel to justify the utilicty of the model.
we, therafore, concluda that the higher voltage
MITL {3 less sensitive to gap tolerances and line
perturbations, and efficient transpert is more
readily achieved at the highar voltages.

YRUZ

Fig. 4. The ratio of IIB and XEID vs. V froe

data in self-linited experiments.

Thae loss probles at low voltages 1s coapounded by
the formation of an anoda plasza producad by dox~
bardmanz of the anodu by slacirons from the satu-
rated flow, When tha rrode plassa i3 produced, an
fon loss current flovs o the cathode and i3 not
affacted by magnetic insulacion. This condizion
{s followad by rapid shorting of the link as the
tvo plasmas expand across the gap. Thase effeczy,
have been obsarved in 200 o 409 Egv experinmancs~~
but naver in 2 MeV experiments.’” Finally,

the valocity ol propagatica of the front is depan-
dent on the voltage and, hence, a larger froetion
of cthe pulse {s eroded avay at low voliage.
Alzthough the velocity is pulse dependent, the
exparimenctal data in Fig. & and che theory In

Ref. 14 can be used to estimata the Iront velcelty
LS for 3 square volisga pulide as shown in Fig. 5.
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Fig. 5. The fron: valozity as a function of

voltage..

For an input pulse of duration , the durstion
Toyp Of the output pulse afcer L maters of line
would be (7y, -(L/#e)(1/8-1). For 7y, = 0 s,
Le=6wm 7, = 10 ns and J& n3 for v, » 0.2 MW
and 2.0 Hef Tespectively. Conlcqucn:iy. the
higher voltage is extremely advantageous for
efficiant power and energy transport.

The power dalivered to a load at the and of a gell-

magneatically insulated ctranssission line (s very

sensitive to the load impedance Z;. If the vacuu=

vave impadance without eleczron {Iov is 2., then

the electron space charge and current density

distribution in the gap causes the line to operate

at 2y = Z,. For all coniltionu,la gg less than

one and is a function of voltage.”'="’'="

0.5 MV and at 2 XV, a equals 0.35 and 0.6) respec-

tively. Whan the line {s tirainaced in gy > 2

the difference batveen the load current I = V/2;

and the current required for magnetic insulation,
= V/Zy, is lost to the posicive conductor

next to the load, and thare iz no reflected wave.

Consaquently, for 2y > Z,, the voltage is V.,

the satched voltage.

1t < Z,, the vave {5 parcially reflected froa
the Joad.” The reflecced vave increases the total
current and decraases the voltage. The electron
flow is coapressed much closer to the cathode under
such conditions and the line {mpedance becozes

29 = Z,. The boundary between Z = Zy and 2 =

2y =2, travels back through the line. The




forvard going wave vith voliage V, n the ragion
chera T = Ty seds 3 atsoatch to 2x2, and anothuc
L= Consequently, the load voltage i3

“! - -
a*a*l,
- - - (l)
(~° &1)(6L + 20)

Vi,

and zhe load current is vLIz « for a shote ¢ir-
eule, Iy = (v /2,)(a/() ¥ as) and L4 alvays
less than cvice the aacched load curreac V. /3.
The approxinmace load line for a HITL, based on
this nodal L2 shovm in Fig. 6 vizh data from
Fal. % and 0.

|
- Mo

—

Fizg. 8. Tha noraalized load voltage as a Zuacctien
1

of ZLOAD'zo for a line wizh v, = 2 MV,

A “orking Hvoothesls Zor tha Effects of the
onvolutes an Selif-Magnatically Insulsced Flow

ihe discussion {n tha praceeding saczion vas based
»n the assuzpeion chat che elecizon flow behind

the Jznnt reaches an equilidrium and s 3tadle. The
axisgeance of such an aquilidriva in 1-D !139 gis
been the subjecs of theorectical discussion*®™=° 3nd
“as beca ;5:;3 to axplain axperiaentally obsisvod
losses.?1274=7 Hougvazr, the Mite experinents
fndicaza zhe stabilisy of the Zlov {s governed by
hov the gransiclon i3 aiade betveen the veskly
seressed vacuum insulacor and the highly stressad
tine, f.a., the fajection convolute or cransitzion
seczion. The resulcs af two d!!!l5an: tzansition
seczlions Zroz the Mice expariment*¥ are shown in
Tig. 7. The 4 cx taper, in vhich tha line separa-
cion decraased oz 2 ea o 1 ca, shoved severa
losses in zransporcted current and the tine
{ntagracted 2leczron enargy discridbucion at :he
gqueput 3s shown {n Fig. 7h. The loss cccurzed
wetveen 9.5 and 1.5 2 {nto the line and thac reglon
kad scriacions on the cathode cthat vere approxi-
zately 1 22 &n axial extent and 10 ca aparc. The
serfodic atruczure suggesced that an {nstabilicy
grew uizh & grouch length o saturation of ~ 0.50
2 and a vavelaagcth of ~10 ¢z, The appareat I{ngca-
Silizy has noc bSeen idencified.

“he 14 32 ctaper showed excellent zransport of cur-
r4nt, and cthe eleccron energy discribucion ac ghe
sutpuc agreed with chaz inferred from che {npuc
daca as showm in Fig. 7b. There was no avidence

of the sgriacions on che cachode or of any periodic
sTTucsure.
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Fige 7« Suvamary of the Hita data for 0.04 = transi-
tion and Q.14 a cransition sections are
shown in 7a and 7b raspactively. Tha line
profile, the input currant I, and output
currant l., and tha alactron anergy dis-
cribution at the fnpue (~—) and output
f—) are shown,

Tha intarpretation of this result Zorms 2 vorking
hypothasis that {s currancly being explored theo-
t.t1Cl11!%'qi axparimantally at Sandia. Zarly 1-D
theorias*¥™*% Zaatured eluctrons with tha canonical
somentum in the direction of tha alactron flov X
given by P M 7al, ~ wA, = 0, ia vhich 7 i1 the
usual relativiscic fsceor Zor an electron with resc
wass a, charge (~¢), and axial velocicy U, ac a
position vhen the vector potential In tha axial
direction is Ai’” The 1-0 Zlow has dean generalized
by C. Y. Mendel®* Zor an arbicrary discribucion

ot LN and he demonsirated that electrons wich

? <P SO0and? 2P ) 0all flov in the
t%i%gns::vinn tlectrodds.” Thalr orbits do not
intarsect dither the cathode or the ancde. The
upper and lover bounds, 2 and ? are
detarained by the sali~condlscant dlfi%ig&::on H
A(y) and cha voltags V(y) across tha gap.

Since U, = (?, + @4 )/¥a, a diseriducion in 2, pro-
ducas a diseribution ia U, ac any posizfen. Zhe
2leczrons are alther dora {n cthe uaifora MIIL or
are bYorn in tha convolute {asadiacely bafore the
lina. Tha lagranglan of an electzon in tha
asgnetically insulatad flow {3 given by
L=T+eV~-UA,. From lagranga's equacion

vich ?, = oL/al,, dP /dc = GL/OX. In the unifora
line, 0/dX = 0 50 713 a2 constant of che =ocioa.
I A, = 0 and ¥ = 0"ac the cathoda surfacz, then

Py = 0 for the alactrons originating ac zhe cathode
{n the un{fora line. These 2lactrous are assuaed
20 ba the domiitant alectron spacias.

In che transition convolute leading inco che unl-
fora line, 3/0x # 0 and 4P,/dz # 0. As chese
eleczrona flow through the convolur™ they acquire
a nonzero canonical =omentux and provide a second
species of alaccrons Zlewing in the uniform line.
The second species has a distributton Fy(P.), and
so the toral canonical amomentuas discribution is

F(2) = Fy(R) + ¥,5(2,)




in which &(2,) =0 422 FOand () =2 4fP =t
and By i :hc number dcnll:y of zero cnnontcal
sonentus electrons in the flow at a position (x,¥).

The stabilicy of the flov depends on the details
of F(F ). Consequently, ve need to estimate

Fry) pzoducud by a given convolute. A non-sel!
consiszent analysis of the 33¢c=ron flov through
injector has been periormed”™ and (s bdased on

the asaumption that parapotential theory is locally
applicable at each position {n the convolute. The
calculaved diszridutions r(r,) suggest that a
broad distribution s correlaced vith efliclenc
tzanspors and a very narrew distribution is corre-
lazed with losses in the experiments. Furthar
analysis {s {n progress and an experiment to
veasure F(P.) {n the unifors YITL vith a lasar
scatrer'.ng tcchaiiut is being siudied o detamine
ies feasidilicy.

Ia susmary, the primary features of tha working
hypothesis are 1) convolu:ot can produce slecsrons
wizh nor~tero Py, 2) zhese eleczrons flow :hrough
uaifora sell-smagnezically insulated lines for many
(>S0) larzor radii, J) these alectrocs {nzeract
with each other and the P, = 0 electroms of the
3a{n flov to cause the observed losses, and 4) tha
discriduzion F(P,) {s governad by the convolute
geosatry and detarmines the stability and power
transpors c!!icicn:y.
RBargaron and Pcukuy have suggestad that an insta-
blli:y betveen the baam ¢lactrons and thosa with
P, = 0 s not necessary, Rather Fy(?,) may have a
su{ficient nusber of alectrons to accounc for all
the losses. In their modal, the bean alectrons
from the convolute raadom vclk their vay to the
anode and are lost from the system. The hypothesis
isplies 2 very broad distribution of P, with
Ar, % ac ln the loss region in contrast to the
AP} 2 107° mc calculated from the convolute model.30
The measurement of r(rx) should test this hypothe-
sis Suc {t i{s unlikely to Isplllu the regular
szciations on the cathode.

Recent Zxperiments and lmplications of the Working
Hypothesis

When the polarity of the center conducror is
reversed, the distribution of V(x,y) and Alx,y)
{s generally changed. For low impedance coaxial
systeas with a gap separation d << r and for
parallel plate systems, the Lagrangian changes
very little when the polaricy changes. Two dimen-
sional electromagnetic, PIC simulactions of the two
polarities in the same system with d/r = 0.7,
showed vc§§ minor differences in the tehavior of
the flow. Hovever, 1f the injector convolute
has inner and outer conductors of different shapes
then the net pover transport efficiency for the
positive inne: conductor is about 60 percent of
that for a negative inner conductor,

A new injector convolutel?® vas designed and tested
on Mite to reduce the asymmetry between the positive
and negative polarity modes of operation. A cross
section of the geometry taken through the mid-plane
i{s shown in Fig, 8a. The vacuum inmpedance profile
as & function of distance into the convolute was
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The EBFA I zzansistion section and its
profile of vacuum impedance vs. X are
showm,

!'1;. 8.

betvesn the lossy and the efficient profilas of

Fig. 7, as shown in Fig. 8b. Since tha transizion
is very gradual, the distribution F(P,) is expected
to be broad, although it has not been cllculltcd

and hence {5 expacted to cause efficient powver
transporz. The power transport efficlency through
the six msetsr lon; HITL vas infarred from the

total curreat wi 16 self~1i{mited load, from the
voltage cnlculnt.d from the neasuramants of I

and I, in the self-liaited mode, and froa the shor:
circu!t current {nterpreted with che MITL load line
in Fig. 6. These weasuremants indicacted 95 + 8 per-
cent power transport efficlency in aither polarity.
The developmant of an injector that works effi-
ciently in either polarity was guided by the working
hypothesis and axtends the utilicy of EBFA 1 to
include ion diodes that require positive polarity.

Conclusions

Substantial prograss in developing self-magnetically
insulated power flow has been made in the past
three years. In regions where the cross section
changes with the direction of power flow, the
details of the geomerry determine the behavior of
the flow. The mechanisa by which the geometry
determines the power transport is currantly under
investigation. Additional research on the electron
flow through convolutes of both types and all
polarities may be axpected to improve the power
chat can be delivered to an inertiul confinement
fusion target.
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1.1

Repacicively Pulsed Electron Beam Diode Lifetime and Szabilicyt

Sand{a laboratories, Alduquarque, Nev Mexico §7185

Abserace

Repetitively pulsad vacuum beam diodas vill be
required Zor wost projected inertially confined
fusion systems. Yet data on tha operation of
diodes under repetitive pulsing is sparsa. Thia
papar dlnsuuac: tha oparation of a 250 kv,

1.5 kA/cz* dlode at repazitica rates te 3O Nz for
sustained Tuns. Short tearm stabilicy iz typically
J percent (standard deviation), Llonger tem thare
is 2 drif:z tovard higher impedance at the atart of
the pulsa. Details on this driic and i cowparison
of this process for a rather bluat versus a sharp
edged cathode are presented.

Inzroduction

The development of repetititvely pulsed vacuum beaz
dlodes {s crucial to wost inarcial counfinement
fusion (ICF) concepts vhathar the driver be elec-
trons, light lons, or lasers. Typical pulse
repetition fxequencies (PAF's) being discussad are
10 Hz or less based on factors like the speed at
vhich a raaczor can be recycled between shoty and
the PAF needed to pruduce a reasonable power output
(perhaps 1 CW) given a reasonable pellet yleld

(100 4J). The rate limitacion is not in general
based on pulsed pover considerations. Instead it
{s assumed that pulsed pover systems can be
daveloped to provide repatitively pulsed drivers

of suitable PRF.

This paper addresses the operation of vacuua beam
diodes {n repetitive service. Problems specific to
individual ICF schemes, e.g. reputitive extraction
of pinched beams for particla beam applications or
anode extraction foil survival in the case of lasar
diodas are not considered. Instead the subject s
the general scabilizy both short and long term of a
diode i{n the absence of the transport of anode
aaterial to the cathode (blowback).

Experisental Details

Date were taken with the RTF-I 100 Hz high voltage
pulser (:riusforntr driven, oil insulaced, 9.5 01,
700 kV PFL*) azrached to the dlode shown in Fig. 1.
At che left side of the figure is one side of the
self-bresking gas oucput spark gap of RIF~I. Oil
insulation ends in a diaphragm type vacuuva inter-
face designed to operate at pulse forming line

*Thiz work was supported by the U.5. Dept. of
Energy, under Contract DE~AC04~76-DPO0789.

volzages {n excess of 1 ¥V, Tha cathode dlamezer
is lim{tad to 5 ¢m or less so that the beaa area
is at most 20 za‘, Typlcal opeaxating voltage:
are 200 to 350 kV; chus to match the 9.5 Q PFL che
anode-to-cathoda {A-X) spacing as calculazed Iron
the space charge limited £flov equation

Ll @2
v A

{s in the order of G.5 cn. (The diode voltaga V i3
in wegavolts. A and d are the beanm arvea and A-R
spacing.) “ha anodes usad vare 0.) cm thizk aluminua
plates backed by a varer jacket. Calculativn and
experimants i{ndicate that zhe snode should be adle
to survive baas heating rates corrasponding to at

least )0 Mz,
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[ o
¥

/ \
4 -
V]

s

¢}

N

INRATOR

JILR

Fig. ). Schematic of The RIF-I diode.

Diode voltage was measuzed with an integrated dV/dc
monitor located ac the output end of the high
voltage gas spark gap. It reproduced the diode
voltage waveform and could be consistently




ealidrated. Hovever, in common with all {nzegrated
aonitors &t produced a low cutpuc voltage unsulted
for input to the vavefomm digitizer to ba discussed
later. In contrast a taslssiva voliage aonitor
locatad in the annular vater resistor shown in

Fig. 1 reproduced the tesporal shape of the dioda
voltaga vavefora but did not appear to maintain 2
consiscent calibracion. It wvas originally cadi-
brated along with the dV/de and a capacitive
monlzor seasuring the L voltage using alcro-
second nulias ac voleages up to 90 kV. AlL chrae
aonitors agreed on tesporal shepe and amplitude.
Yor shorz (<50 ns) pulsas the dV/dc vas later

Zound to rend 30 percent higher than the snaular
cesiscor. Mersuring the laading edge of an open
elrculc load shot, the dV/dt gave an oucput voltage
aqual to the PFL voltage but the annular resiator
vas J) percent lov. This implies that the dV/de
aonitor {s correct, Whanaver resistive monitor
vaveforas ave used thelr amplitude has been
sascaled match the 4v/de amonicoy.

Figure 23 {upper ctrace) shovs the annular resiscor
output for a typical avent. It compares vell vith
tha dV/de uvavefora of Fig. 2b. Dlode curreat as
neasured by 4 0,135 0 low induczance resistive
shune (CVR) 1is shown {n the lower trace of Fig. la.
The diode has a definita “tumm on™ phase during
vhich cthe ealtting cathode plasma {s forming. It
{3 characterized by 2 voltage spike und a delay to
significant curzent flov. Aftar emissfon has bagun
the voltage drops to a placaau value uhich uniqualy
speciflas che dlode {apedance (Z) through the
zalazion

VeaTsay " TS T VesL ()

vhere 2, and Vorpy are the PFL characteriscic
{apeduncy and vb&:asc respectively. Ianductive
corzeczions are insignificant ac this point bacause
dI/de s saall. IE Vupy is aessured as the

aaxicua diode volzage gor an opan zircuic :hoc} h4
zay be cospuced from 2, and the ratio Voyiee y/Vor
which {s i{ndependenc o? the probe calibgké 5*? giL
praczice the izpedance thus sessured was used
zogacher wich the measured diode volcage tu call-
brate the current =easuremant.

(a)

(b)

Wwavaforns froa a relactively aew roll pin
cathode.

a., Voltate (upper trace, 120 k¥/div)
current (lower trace, 15 kA/div)
20 as/div.

b, ¥ voltage (20 as/diw, 120 kv/div).

62

A second voltage plataau (and an assoclated second
current plateau) occurs vhen the voltzge reflactad
from the diode Juriag the turn on phase raturns {roe
ta-raflection ac the transformar «nd of the L.
For a nev cathode, as {n the right photograph of
Fig. J, the tvo placeaus axe well defined. Ax the
cathoda ages due to repatitive pulsing the tura ¢¢
phase takes longer and the lesding voltage spika
videns and dastroys tha first plateau (lefz photoe).
The dacond platsau bacomes longer vith tha nat
afface that the toral energy dalivared o the load
tesains velativaly constant (to about 10 parcant).
This s prasumed %o be a consequenca of the fact
that thare {s novhare for the eneargy originally
storad {n the PFL to fo on a nanosacond tima 3cale
axcept into the diode., ETnargy reflacted f{rom tha
dlode early in time will ultisately return and b4
convarted into beas.

(a)

Tig. 3~ Wavaforms for a ring cathoda.

(b)

a. Aged cathode vaveform (20 ns/ca, upper
trace voltage at 120 kV¥/div, lower
. trace current at 15 kA/div).
b.  New cathode, same scales as a.

To follow the aging process and to zet a 3ood
aseasure of shot-to-shot stabilicty requires the
analysis of many events. Processing a sufficlent
aunber of photographs to proparly diagnose a
repatitivaly pulsed diode run is time consuming
and the Dost {nteresting avents, «.3. those
{aned{arely preceding diode failure, may be co=-
plately lost. Therefore, a wvavefora diglcizer
capable of recording voltage and currenz vavelocms
ac PRF's in excess of 100 Hr was developed. Esch
vavefors i3 split {nco 24 separate signals using
high fidelity rasiscive splicters. These 24 vave-
foras are scaggerad in tima by & ns using cabla
delays and a small (<% n3) cise 3llce of each i3
digicized using 24 Zasc sampling analog-to-digital
converters (ADC's). Each vavefora {s saapled at
the same resl time thus because of che scaggering
of the waveforas the points actually sampled are
separaced by 4 ns from vavefora to vaveforz. The
firsc sample is taken 12 ns prior to the wvavelors;
30 tha first three ADC's saapla baseline. Thece-
after up to 80 ns of wavefora zay be digicized.
Jecsuse- the ADC's sample only negacive signals
any positive afzerpulse {s lost. The raw dacta
£roa each avent is stored on zaynetic tape for
subsequent analysis. A fraction of che data are
also analysed online to monitor the progress of
the experizent. The ALC's require inpuc signals
»f several volts amplitude (after a 24:l1
division) thus forcing cthe use of the resiscive
zsonitor outpur for zhe volrage wavefora.
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Resulzs

Tilgutas & and 5 shov digizizer_ outpute Zor a nev
cazhode and for one aged by 10° shuts. The PAF

vas 20 Hz, Thesa data wvere taken vith a cazhoda
sade of toll pins (0.16 c= diamater hollov cylin-
dars) mountad on & brass dacking (Fig. 6). The
acray produced 2 Haaa 5 cm in dismatar. The pins
have sufliclent elecitic {eld anhancement atr thels
tip to tumn on quickly but also vaar out rathe:
rapidly. The pins on the outer perimetar of the
cx;hodc =2alted back as wuch 88 0.2 ca during the

107 shots bdetween the data in Figs. & and S.
Eroalon of the inner pins was lass savere. The
2{gures show the Teadjustnent of the voltage and
current vaveiorns during aging as previously dis-
cussad. liotice that the impedance late {n time
{beyond 10 ns) {s virzually unchanged during tle
aging process. This late in ime plassa has Zormed
on the cazhode and, since the driving volrage is
unchanged, the fapedance should be the same.

[ 11
(e enfomren}
-

-

.
riole
(4 00 fwase}
-

———t 1 A

Lami oy

{11 20 fmene)
L L]

fsr 00 froomn)

o't poads
s 0/wens}

]
LRy

. |}
lo-"r: 0'00]];

[3
’
o

i
1" “ " " ™ " ™ u
o {outt! oy (o0t}

(&) (5)

Fig. 4. Diglcizar output vaveforns for a new
cathode (lefz).

Fig. 5. Digltizar output vaveforms for an aged
cathode (right).

Fig. 6. Used roll pin cathode together with anode
showing beam damage.

Figure J Llluseraces the aging procass in snocher
type of cathode, one withoud the large {ield
anhancesents presant at tha ips of the rall pins.
This cathode emics from the edgas of comcentric
rings cut inco a brass dlock (Fig. 7). The vave~
forms are tather similar and the aging is qualicta-
tively the sawe. Quanticativaly the roll pin
cathode ages somavhas mora zapidly. 17 the
{mpadance at cha paak of the voltsge vavelorm
(normslized to the value at the outiat) is plogzed
versus accummulacted shots (Fig. 8), the roll pin
inpedance incrasses much mora rapidly Seyond 25,006
shots than tha ring cathode impedance doas. The
toll pin impedance doublas in 50,000 shots bur zhe
ving cathode {mpedance requires almost twice as
many.

Fig. 7. Used ring cathoda with anode showing dean

dasage.
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Fig. 8. Change in the diode {mpadance at voltage
saxiaum vs. accuamulated shots. The dots
and dovnward pointing arrow refer to the
ro)l pin cathode. Circles and upward
arrows correspond to the ring cathode.
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This ploz also Lllustzates savaral other polnts
adouz cachode 3ging, 1z L3 not scrongly Tate
dapeadent, The voll pin data 2o 43,000 zhots vere
taken at 10 Hz, Afger a change to 0 Hr the dacs
continued along 2ha sama line. The aglng precess
can be revarsed by x lighe applicacion of difiusion
pump ol 2o the cathode surlace as indicacad for
both cathoda types. Tha tring cathode photographs
of Fig. 3 shovw volzage and currant for a aingle
shot lmsediscaly afcar olling an aged cathoda
(lec) and for the second shot alzar ofling
(cighe), The Zirsc ahot I equivalanc o an aged
cathoda avant, the second to a fresh cathods. Ia
fact, a3 {llustrazed in Fig, 8 afcar olling the
cathode deconds a detzar amitier than LT vas at
sha stare of tha zun.

A regards 3zhot-to-shot scabllicy, Fig. & and 5
deaonstrate that {t s quite good. The “error
bars™ on thoge vaveloras asark one standurd devia-
slon variancas about the mean values. Thay are {a
general at tha level of 1 percear, during che lat
parcion of the pulae and somevhat larger on the
tising and falling edges. The volzage &5 siighzly
aore itable than tha curzent. Measurements of

vary itable calidration pulies have scandard devia-
tions belov 1 percant even on the leading and
tralling edges. Thus the jitter dum to tha digiti-
2ar {3 nagligible (v adds quadrature with the
diode jitter 2o produce the obsarved tresult). The
daca shov that diode stabilicy doas not change as
the cathode ages. Thera s apparencly some varia-
tlon {n the zate at vhich cathode plasma {3 pro-
duced vhich creacas the variabilicy of the leading
ddge. This s reflaccad {n 2 change in the ovarall
pulsa lengeh Teflectad in che ctralling edge jitzar,
This say account for cha varlations through the
centec of the pulse as well.

Runs on the toll pin and zing cathodas lastced
120,300 and 157,000 shots raspectively. The roll
pin daca ware discribuced approximataly equally
between 10 and 20 Hz. The zing cathoda dacta vers
at 29 and )0 Uz, Anode damage with tha roll pins
a3 «“orse at 20 Hs than vas the damage fTom the
sing cathode at 30 iz, but i{n nelthar cave vas the
run scopped by dlode Zallure. Tha Jdata of Flg, 8
2laarlv Iindicace the need 2o continue runs o tha
polat where she aging ctarsinates or becones citas-
zzophic. 3Such daca will be taken {n che near
fytura,

Zenclusions

vactua bean dicdes hnvg been showm :o operate
scably for ac lgast 10° shots at current densities
of 1 to 2 kAfeca®. Shot-to-shot scabilicy of 3 jer—
cent [aplies pover and impedance scability of 4
percenc, vhich in curn implies a scability for che
total efficlency of conversion of PFL energy to
Yean enargy of the saze level. Llong cerms, the
4iode iapedance early in time drifcs upward
resuliing {n zore beaa being delivered {(n the forz
aof afzerpulse. Depending upon the applicscion
chis =ay or say not pose a probles. For example
in this configuracion an old cachode produces a
rather square zurrent pulse of decreasing voltage
which could be useful Zor some purposes.

A¢ 2o the origin of the aging, tvo mechanises
(asqadiately Juggest thamselves. I3 ¢ould reasule
{rom the Jestruction of cathoda vhiskets vhose
axplosion {3 thought to produce the cathods plamma,
This vould be & process aquivalent to the dreeking
fn ol DC vacuum Insulators, In that case tha DC
voltage {s ralsed 3lovly whila the fnsulacor s
saparated {rom the pover asurce by a high impadanca.
Yary lov curreat dlscharges occur vhich do noc
damaga the ¢lecirodes buc do remove the aajor
whizkars so that the hold off voltage {ncrasses
uith each discharge. Ia this vay tha hold of?
volzage {s slowly Srought to the dasized value.

Ia 2ha present casa the discharged currant {s not
constraiand to da daall and electrode dansge does
oceur. lavertheless over zans of thousands of
shots vhisker zamoval may cccur.

Aging could also rasult Irom the destruction or
“covering ovar~ of vhiskers by anoda blovback. To
distinguish cthesa zvo possidilizias thera ara
savaral opelons. One can look for vhiskers before
and afzar aging in an actempt to detact any nat
g3ia or losa. Tn{s aay bo a difficult task to
periorn, Onme may attasp: o change tha hlovwback
to change the aging asz Zor example by changing
anode matarial or bdesm currant dansity. To the
extent that dlovback {3 incressad ulth {ncraasing
repetition rate Fig, 8 arguas againsc Lt3 baing
the cause of aging bdecausa tha aging procass vas
zate {adependant TFinally an examinatfon of the
axtent £o wvhich blovback debris covers the esitting
areas of the cathoda could deteraina whether blow-
back can eliminace a signiZicant fraczlon of the
cathode whiskers. All tha above options ara cur~
rently belng explorad.

1Z the aging probles rasults frow anoda bSlowback {:
could bde significanc to pinchad beam dioda opara-
tion Iin vhare blowback aay ba savare aven vith a
nominsl plaswa anode. The present axperiments ara
30 zemote £3om such a diode that no conclusions
should be drawn. Hovaver, Lf zhe aging is a

result of vhisker loss, sharp adged amfzzars (uwith
relatively fever amission sices) should age faster
than blunt cachudes. Thus sharp adged eaicters
such as tha foils usad {n laser dicdus zay change
chelr emission charsctariscics quite rapidly in
long terx service and say require eicher 2 breaking
in period or periodic maintenance.
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VOLTAGE DISTRIBUTION ARD CURRENT IN A CYLINDRICAL RELATIVISTIC DIODE

N. W. Harris

lon Physics Company

Burlington, Massschusatts

Abstract

The voltage distribution and current in a space
charge limited cylindrical diode are calculated by
means of & simple computer program. Relativistic
formulation ls used, and the results are applicable
up to the limit of significant beam pinch. The

accuracy is 0. 1%,

Introduction

This paper describes the calculation of current
density and voltage distribution in cylindrical
electron guns working in the megavolt region. The
current is agsum+d to be spacs charge limited.
The cathode {n this example is larger thun, and
concentric with, the ancde. The companion cass,
anode radius greater than cathode racdius, is very
similar. The current is assumed radial, and
magnetic effects have been ignored. The geome-
tzy is shown in Fig. 1, the Phrccl electrodes pro-
ducing the 1ame radial electric field distribution
outxide the beam as the space charge produces in-

side the bearm.

Even at low 1oltages, where relativistic correc-
tions can be neglected, solution of thiz problem is

not simple and the r»- ‘e usually given in a

'3

2
tabular, rathert .3z  *lcform™ ", At very

high voltage, r-- “2uce is a {unction of voltage

and hence tabulation {a not practicable for voliager
in excess of 200 kV, Consaguantly a almple pro-
gran: in BASIC was written for a timeshare com-
putar to solve caver of interest. This ix appended.
Flg. 2 vhowa a typlcal result, the perveance {ali-
ing by 43% as the voltage {s ralsed to 10 MV, The
cathode/anode diamater ratio was 5 in this case.

Mathod of Calculation

The units are MKS, Consider a unit length(l me-
ter), with the cathode surface at a radius R, and
the anode at a radius R.‘!' Lat the intervening dis-
tance be divided up into a number of equal parts.

If each tube or shell has a very small radial width
D, we can take the space charge in it as eszentially

uniform.

The {irst step is to place a small arbitrary volizge
acrosy the {irst shall. The current is calculated

{rom the plane parallel diode npproximntion3

4z¢(znl-n)v"5

kd
-

D

gy

This current {s the same for all shells, The field
on the insf{de surface of the first shell ir E24¢/3D
as shown by Lan;muirs. The average voltage in

the next shell is calculated by extrapolation,
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V' = ¥V $ ED/2

From this, we obtain the relativistically correct

electron velocity using the two equations
W (v e
m

Ure WZ +2W W)

This gives us the space charge density zad hence
the change in fleld (using Gauss' theorem)

H
[E +2~: (RU]

This gives the avarage voltage Jor the next shell

4= D

arR " 51" TR-D)

and the calculation {2 repeated. The computation

proceeds until the anode is reached, We then have
a value for the diods voltage and its corresponding
currant. This process can be repeated for differ-
ent values of voltaga placed across the {irat shell,
until the currint/voltage characteristic is ade-

quately deseribed.

This method has been used for other gsometries:
tor *he plane parallel casze it iz more conveniunt
than the analytic expressions that have beendurived.
it could also he noted that this method gives, as a
bvproduct, the voltage distribution in the diode.
This voltage distribution is required for the design

+f the ¢nd electrodes.
Basic Progeram
The 2rogram listing is in BASIC and {ollows the

Lines 10-20 read in the

2lecirode radif, the aumber of shelly T and the

method given above,

The number of shells should be
The

arip number €.

several thousand, in the listing it is 4000.

gkip numnber s the requirad number of voltage
printouts. In the example given, it iz 10 which

means that the voltages at 9 aqually spaced Inter-
mediate radil are printed out. It should be noted

that F/S muat be an integar.

The computar asks for a start voltage, 10 volts {2
convenient, and the computation proceeds as above.
Lines 280-320 govern the printout of the interme-
diate voltages, note that K {x a counter, Whan the
{taration {2 completed the computer prints out the
diode characteristics and asks for a {resh start
voltage. The operator supplies a value such that
the diode voltage iz closer to the desired value.
Ir. this manner, the diode characteristics, as a

function of voltage, may be mapped.

Accuracy

Tha program was checked for the low voltage case
and sccuracy improved with number of ateps, up
to a i mit of 10, 000,

wae ~0.1%. The calculations are valid up to the

At 4000 steps the accuracy
region of magnetic pinch. This occura when the
diode impedance iz comparable to (or less than)

the coaxial impedance

R
60 Ln(—) .
R,
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N houn
1 i i '
10 READ R1,R2,F,S$ A
20 DATA 2,1,4000,10 MICRO PERVS
40 PRINT “START VOLTAGE":

30
460
70
80
90

100

— o ————— oy oo m—

INPUT V
IF V<1E~é6 THEN 4al0
PRINTCATHODE"IR1J"ANSDE"I K25 “NETERS RADIUS™
De(R1=R2)/F
RaR1Y

18] s 466BE~SeV1.5/D/De(R1=D/2)

130 Emasy/3/0D
140 Ka0

150 PRINT .

160 PRINT“RADIUS Ky
170 FOR Nm\. T8 F
180 KuKel
190 Wal.957S89E~6a(VeE/20D)
200 Us2.99T7TCES2SQR(N12428U)I /(10 W)
210 P=l/Uet7973E10 ‘[SKO/EPSILON
220 REM E1 IS CHANGE @F ELECTRIC FIELD
230 ElsDe(P+E)/C(R=-D)
240 REM GN TG NEXT 'SHELL
250 R=R<D
260 VaV+(E+E1/2)sD
270 EsgE-E} : .
280 IF K<F/S THEN 330
290 Viav/1000
. 300 PRINT USING 310,R,V1

310 10c.040 00000 0y

320 K=0

330 NEXT N

340 PRINT

350 PRINT 1I3"AMPS*'3VI3"KVY" .
360 Z=y/1

370 Pixls1E6/Ve1.S -

380 PRINT Zj3"QHMS':P135"MICROPERVEANCE"
390 PRINT

400 GO TO 40

410 END Figure 3. Program Listing

Flgure 2 PERVEANCE vs VOLTAGE
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1.3
SIMULATIONS OF INTENSE RELATIVISTIC ZLECTRON JEAYM GENERATION 3Y FOILLESS DIODES

MICHAEL E. JONES AND LESTER E. THODE

Intanse Particla Beam Theory Group
Los Alamas Sclencific Ladoratory
Los Alamox, New Maxico 8754%

Abstract

Foflless diodes used te produce intense
anaulsr relativistic elactron beams have Leen
siaulated using the time-dependent, two-dimen-
stonal particle-in-cell code CCUBE, Curreat
densities exceeding 200 kA/ca™ have beea
cbtained i{a the simulacions for a 5 MeV, 5 01
dlode. Many appllcatioas, including amicrovave
generation, collective ion acceleration aad
high-density plasma heating require a laminar
electron flov ia the besms, The simulation
results fndicate thst foilless diodes {mmersed
in 1 scrong external magnetic field can achieve
such a2 flow. Dicdes using technologically
achievable nmagnetic field streagths (~100 XG)
and proper clectrode shaping appear to be able
to produce besms with aa angulay scatter of
less than 35 arad at the curreat deasities aad
enecgies mentioned above. Scaling of the
jmpedance and temperature of the beam 33 a
function of geometry, magnetic field streagth
and voltage is preseated.

Introduction

toilless dicdes may be used for the produc-
tion of intense annular relativistic electron beans
tor macy applicacions lacluding aicrowave genera~
tion, collective ion acceleracion and high-density
Conventional foil diodes
been found to suffer from an iopedance collapse

plasma he:ciug.‘ have
vhen plasza, generated by electrons striking the
anode foil, propagate from the anode to the cath-
ade thareby electrically shorting the diode. This
problem is eliminated by using 2 foilless diode,
thus allewing higher current densities than can be
obtained vith a foil diode. In addition, the elec-
tzon besa generated by a foilless diode is not
perturbed by passing through 3 foil cor is it nsec-
assary to replace a foil for repeated operacion.2
Although there has been some investigation of
relativistic electron beam generation by foilless
Jiodes a firm understanding of the diode has been

lackin;.z'a We have analyzed the simple diode i}-
lustrated in Fiz. 1 2o determine the scaling of
diode lmpedance and beam tumperature as a fuaction
of geometry, magnetic field strength and voltage.
Some {avestigators have assumed that the foilless
diode {mpedance is determined hy the maximum cur-
tent alloved by space charge ia the drife cube.
OQur analysis indicates that the diode impedance is
deternined by the equilibrium that the beam obtaias
vhich is not necessarily the equilibrina wvhich
gives the space-charge limiting current.
Ispedance Hodel

Because most applications require a beam with
laminar flow it {s useful to model the beam formed
by the foilless diode by the cold fluid equations.
In aa aziouthally symsetric, axially howogeneous

equilibrium, the equations describing the beam

depand omly on the radial coordinate, r. The equa-
tions to be solved are
e ] a2
ac™/e YBy"/r = E_ + BgB, - BB,y (89
de/dr = Lnnepo {(2)
d(rBa)Idr = -4xner8= (3)
- A, ]
ANOOE
Ref-
-
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-

cmmed
i
! |«

Q -

Fig. 1. Typical Foilless Diode.
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vhere m and ¢ are the aizs and chazge of the elec-
tron. The only noazero fluid vaziables are the
density & and the axial and azimuthal £fluid veioc-
fties a: and ’G {divided by the speed of light ¢).
The nonzero fluid vaciables are the radial elec-
tric ffeld £y the az{muthal magnetic field By and
the axial magnesic field B,.
factor is desoted by Y. v
equipotential

The relativiszic
Because the cathode i3 an
surface, conservation of energy

assumes the following form:

um:=qgn3 (5)

Because there are only five equat{ons and six
unknowns another condition must be specified. A
condition vhich leads to an amalytically tractable
solutioa of the equilibrium equations and which
becomes iacreasingly better satisfied at larger
energies, {s to choose fiz to be independent of r.9
Defining the following quantities ' Th Q- Bzz)'g
and Y& LS y/y|| an equation for yx can be fouad
vhose solution is given in terms of elliptic Jacobi
Iunction:.9 The total beam current v, measured in
unity of uc3/e {s given by this model as

ve 0] - 00O, - B0, a2 (@

vhere Y;o is Yl evaluated at the outside edge of
the beac,Ro. and a i3 an arbitrary constant. De-
fining we, B eB_(Ro)/nc2 we £ind

e)]
(8)

= (v - 1YY 2 .2
Rowcolc = (Ylo Nt Ylo(ylo +a)

and 1o R /R = F(6,K)/ (a2 + 1)}

vhere Ri is EPe inside besm radius, ¢ = Cos-l(y-i)
and k = af(a“ + 1)5 and F(4,k) is the incomplete
elliptic integral of the second kind.

In addition no Egqs. (6)-(8), we require that
the total energy of the electrons, kinetic and
potential, be equal to the potential drop between
the anode and cathode. Thus,

Yy = Ypp Yy ¥ 29/B, 1o R /R, (9)

where R is the anode radius (see Fig. 1). The

relativistic factor that the electrons would have

89

upon ceaching the anode is dencted by Y Voronin,
et 2l, have used chese equations and additional
assuaptions to find the space-charge limited cur-
reat as a function of magmatic iield.e Hovever,
there is no a priori reason to assume tha: the
beam produced dy the diode will be launched imto an
equilibrivm vhich will transait the maximum cucrent.

If the applied exzernal sagnetic field pene~
trates the cathode then coaservation of canmonical
angular mcmentum takes the form:

(on 'l)x * (ao“colc " Rz mcIROC)Iﬁ (10)

where W, = elolcn2 aand Bo {s the applied magnets
field. The cathode radius is denoted by Ec. 1 ¥4
in addition we assume that the laminar electron
flow {s 1long the self-consistent magnetic field
lines, then the flux between the axis and the outer
edge of the beam is equal to the applied {lux be-
tveen the axis and the cathode radius. On the time
scale of most experiments, the magnetic field pro-
duced by the beam canmnot diffuse through the anode
wall. Therefore, thr flux between the outer edge
of the beam and the anode will be equal to the

applied flux between the cathode and aroede. These
conditions may be written as
2 2 _\h 2,k
RSw/e = 2R (Y, " = D+ R (1 +2%) ()
2 2 2 2
and mco(R' -R) = wc(R. - Rc) . (12)

Equations (6)-(12) form a complete set of equa-
tions which can be solved (numerically) to determine
the impedance of the foilless diode.
insure laminar flow, it is necessary to apply a

In order to
large external magnetic field. Therefore a useful
approximation can be obtained by taking the infinite
magnetic field limit., One then finds that the beam
becowes infinitesimally thin with radius Rc and that
the beam approaches a nonrotating equilibrium. The
diode impedance in this limit bacomes

2 = 150y,-D{ly,/ (% 1o R R)Z1720. (13)

should be noted that this formula is invalid
for low voltage, probably owing to our assumption
of Bz being independent of r.




Dfode Sisulations

A tvo-dimeasional relativistic time-depeadent.
particle-in-cell simulation code, CCUBE, has been
used to test the Impedance aodel and gain fasight
{nto the parameters affecting beam qualsty.lo An
emission algorithm in the code emits charge from
the cathode surface at a sufficieat rate to satisfy
the space-charge liaited emissioa boundaxy coadi-
tion, L.e., the electric field norwal at the cathode
ts zero. The diode simulations verze rua with a
teansverse electromagnetic (TEM) vave lavached from
the left {n Fig. 1 oate the coaxial transmission
lide. By not alloving the first few cells to emit,
nne can control the impedaace of the driver to the
diode, vhich fn ail cases wvas taken to be 37 fl.
Typicaliy the length of the simulatieca region, L,
vat § to 10 cax. Impedances and beam parameters
are measured vhen the system consisting of the
transmission line driver with the diode load bad
At this time the voltage
on the dfode, V, is given by

reached steady state,

V= av2/(z, + 2) (14)

where 2 {s the diode impedance, Zo is the tracsmis-
sion line i{apedance and V, i3 the voltage of the
Te4 wvave launched onto the linme. Diagnostics in
the code {nclude voltage and particle current
probes, Rogowskii Coils as well as impedance probes
At the end of

the sioulaction region diagnostics iaclude Faraday

located act several axial positions.

Cups, calorimeters and density, mean velocity, and
temperature measurements 3s 3 function of radial
position.

Sinulation Results

From Eq. (13) ve see that for large applied
magnecic fields the diode iwpedance depends only
an the veltage and the ratio of the anode to cathode
radius., Figure 2 shows the results of several
simulations performed with a V" =5.14V and a
cathode radius, Rc = 1 cm. Because of the impedance
mismatch, the voltage across the diode varied from
3.5 to 6.0 MV in accordance with Eq. (14).

circles represeat simulations performed with an

<The open

applied magnetic field of 100 xG and an A-K gap,
5, (see Fig. 1) of 0.4 ca. The triangle represeats

a run with the same parameters but with 6 = 0.2 ca.

T{kA)

100
10 X} 23
Ro/Re

Fig. 2. Current versus ratio of anode to cath-

ode radius for various foilless diodes.

The dashed line is from Eq. (13). The

solid line {s the space~charge limit.
Two runs at 40 kG and § = 0.4 cm are denoted by
inverted triaugles. The squure desigaates a run at
55 kG in vhich the anode wall is coatinued straight
at the original traosmission line radius, Rd' of
1.85 cu so that § = », The dashed line is obtained
from Eq. (13). The solid line is the space limiting
current for the infinitesimally thin beam in the
infinite magnecic field lini:.lk The simulation
data in all cases lies vell below the space-charge
limiting current and rather close to the current
given by the impedance formula of Eq. {13). all
the simulations were performed with a cathode tip
thickness, ¢ in Fig. 1, of 0.135 ca except the run
at 55 kG which had £ equal to Rc' At 100 kG the
beam thickness was found to he approximately
0.03 cm, thus it is unlikely that much effect would
be found for £'s larger than this value. T ‘se very
thin beams can yield current densities excezding
700 A/ca’.

Because Eq. (13) was obtained for the infinite
pmagnetic field limic, it is desirable to determine
the effects of finite magnenic field. Figure 3
shows the results of a series of simulations per-

formed with Vw = 5.1 4, Ra = 1,27 ¢n, 6 = 0.4 cm,




and £20.135 cm, The dashed curve i3 obtained {rom
the numerical solutfoa of Eqs. (6)-(12). The solid
curve {s the space-charge limi{ted diode theory of
Vorenin, et al.lo The diode operates well oe)ovw
the space-charge lim{t and agsin agrees well with
the laminar flov impedance model. The bean strikes
the anode wvall at 25 kG and for all values of
applied £ield below thiz value the transmitted elec-
troo current gradually diminishes owing to curren:
losz to the anode. Although the diode impedance
does not wary much with magnetic field, the tesper-
ature as measured by the mean annular scatrex of
clectrons arouad the beam propagation direction was
found from the simulations to vary from 200 mrad at
27 kG to less than 60 mrad at 100 kG. The large
magneiic field makes it more difficult for the elec-
trons to cross £ield lines and create temperature
by mixing.

One wvould expect that as & is increased to
lacger values that the besm produced by the foil-
less diode would cose to equilibrium before i
"sees" the reduced anode radius R,. The existence
of this effect is verified by the series of simula-~
tions shown in Fig. 4. The parameters of tte
simulations include B°=100 kG, Vuxs.l MV, a‘xx.s cm,
and £x0.135 cm. The upper dashed curve vas calcu-
lated from Eq. (13). The lower dashed curve vas
also calculated from Eq. (13) but with R, equal to
outer radius of the transmission line feed Rd. As
seen from the data, the diode impedance makes 2
sudden transition from an equilibrium with an ancde
radius of R. for small 6 to an equilibrium with
anode radius R; at large 6. The value of 6 at the
transition point iz roughtly one-half of the cathode
rzdius for this case. The actual transition point
is probably governed by the distance the besm must

200 T \\\\1_—- T T T

I(kA)
3
j
1

8, (kG

The effect of finite magnetic field
on diode impedance.

Fig. 3.
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Fig. 4. Current vezsus A-k gap, &, for the

follless diode.

propagate from the cathode tip to reach equilibrium
and must certainly depend upon the curren: density.
For large values of 6, the beam gains kinetic
energy as it approaches the region in which the
anode radius iz reduced to Ra making {: stiffer and
less likely to phase mix. Simulations bave shown
besm temperaturex belov 25 mrad for thiz schese,
vhich is near the numericsl resolution of the code,
Use of these ideas {a diode design shov promise for
producing very laminar beams.
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10N BEAM CENERATION THROUGH A MOVING 2LASMA BOUNDAXY
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Absesac

It {3 shown chat lon currants extracted from a
soving plasaa ean da increasad by a factor of

", vlc‘ (v-plasma Zlov velocity, c,-ion acoustic
spead) as comparad with a sctacionary plasma of the
saze density and ze=perature. A conical 3-pinch
gun {3 usad to accelarate plasoca uith danaicy n

% 102 ea ! co veloclty v & 107 cu/s. Total
currants ~v 100 A of 10-20 keV fons were obecained
from an ¢ ca dismetar extrac:ivn systes.

Introduction

Recent incerest in high currenc lon and aleczron
sourcer has been prizarily due to cheir potencial
use {n fusion relaced scudies. Fasc development
97 neutral bean injectors for plasma heating re-
sulzed in consczuction of high curreat lon

L.2,3 capebla of delivering up to 100 &

jources
surzents of 10-40 keV energy in quasi-sceady or
pulsed operacion. In these sources Increase of
exsracced ion current can be achicved by increase
of plasoa density or temperature. In cthe source
described here the increasa of che excracced
curzans resules from the use of a moving plasma as
the source of fons. The advantage of this ap-
proach lias in the relative ease of plasma accel-
eration to high velocities in comparison with
jeneration of a sufficiencly dense plasma and
aeacing Lz to sufficlent temée:ncure - especially
in large diacecer systems. rurtheroore with high
=elocity injeczion of the fons into che extraction

1ap, the space charge limited current decermined

"o leave from instizucte of Fundamencal
Tachnological Researck, Warsaw, Poland

by Child-Langmuir lav {acressas thus allowing ax-
traction of higher fon curreats. This affect i3
axpecially significant in cha case of low extyac~
tion voltages and high plasma velocities. A
liaicacion of this type of Zon source is chac it i3
a pulsad source wicth pulse duracion limited by
plasma lifatime.

Ia the conventional nethod of ionm curren: genera-
tion, the curzent per unit aves collacted by a
negative slactrode in a plasma is given by che Zohm
!or:ulu‘ which for T. » Ti gives JB » O.4ne x
(ZkT.IHL)& vhere T, and T, are the elactron and fon
temperacuras, n is the alactzon density and ¥ is
the lon mass. The curranc collacted is thus
proporzional to che lon acoustic speed e the
speed ac vhich the ions encer the sheath surrounding
the electrode, Howaver if the plasma vera moving
at a spesd v >> Cyr in the collisionless case of

A 5> R (vhera A is the collision lengch and R is
the radius of tha electrode) the current density
collected by a cylindricsl probe transverse to the

flow direccion would ba glvens

by J, = nev. The
current for a given plasma is now limdicted only by
the aczainable flow velocity provided ir is less
than che space charge liziced currenc decermined

by extraction system geometry and voltage. Thus it
should be possible to extract ion currents auch
larger chan the saturacion ion currenc predicted

by the 3ohm cheory. A pair of closaly spaced
t-ansparent electrodes can be used to excract the
bearm from the zoving plasma. If the firsc electrode
of the extraction system !s charged highly positive

with respect to the plasma potenclal, the plasma
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on zeaching the aleczrode would actain this applied
potencial, The eleccric field E in che apace
betwean the alaczrodas lats the gap play the role
of an arcificial sheath while ao icn beam anarzas
through the second siectrode. Siace the ions

ancar the shescth at che 2low velocicy v, the ex-
tractad current would by givan by J, = nev, at an
enezpy defined by the applied porenzial.

Experiment

The exparimencal setup &3 shown in figure L. The
plasma vas produced im & pyrex pipe of diameter
10 c= by a conical 8-pinch system (coll lengch 20
c=, angle 15°). A lov inductance 0.75 UF capacitor
charged up to 40 kV was discharged into the coil.
The ringing period of the discharge vas 2.5 Usac.
The excraction system consistad of a pair of
szalnless steel grid eleccrodes of diameter 8 ca
and sesh size 1.8 x 1.8 mm. The alactrodes had
spherical shapes of radius of curvacure 9.5 ca
each for beam focussing purpose and spacing betveen
the tvo was varisble i{n the zange 1 to 5 =m.
Variable voltages = U‘ vere supplied to the ex-
traction gap by a 0.75 UF capacizor. The voltage
Ug vas aonitored by a potentizl divider and a low
inductance shunt measured the current l‘ in the
gap. The extracted beas was incident on a thin
stainless steel collactor disc. A low inductance
shunt measured the current I in che beam and a
calibrated thermistor T attached to the disc vas
used to measure the eneryy in che incident beam.
Hydrogen was let into the system through a fast
pulse-gas valve. This reduced the probabllity of
carly breakdown in the extraction gap. Triggering
of the 8-pinch was ctized such that the plasaa vas
produced just as the pressure fronc reached the
far end of the E-pinch coil. Typical operating
pressure vas ~ 1 nTorr. Two cylindrical electro-
static probes mounted at right angles to each
other were used to measure simultanecusly the
density, temperature and plasma flow velocity.
The microwave system (A = 3 cm) was used to
monitor plasma density.

Results
Maasurexments of the plasma parameters near the

excraczion electrodes ware zad» by the ivwo cylin-
drical Langsulr probes, one psrallel and the other
perpendicular to the plasma flow. Temparature and
densicy wera obtained from tha characterissics of
the parallal probe. Curzent to the prode is no:
affeczed by the plasza flow since and t£t¢==6 is
negligible in our casa. Plasma flov veloelzy v
vas determined Zrom the ratio of fon saturation
currents of che tvo probas. The ratlo (4y«/iy) »
0.4(A||IQL)(c’/v) vhere i) and %l refes to i;;
saturation currants in the parallel and perpandic-
ular probes and A and Aj are the affective
collecting areas of the prodes. The plasma pari-
nezers at S-pinch voltagas in tha range 20440 kV
vere: n = (2.549) x 0%t ea™d, Ty ™ 448 eV,

v = (243) x 107 ea/S. Ion acoustic speed for wuch
plaswa paramatars is & 3 x 10° e=/s.

In order to obrain tha value of zhe excracted
current Ii from the currenz I measured at tha
collector, secondary electron emission Iro= che
surface had to be cakea into account. The meas-
urad curzent I = 12 (1L + &) whaza a is the effsccive
secondary exission coefZicient for the colleetor
surface. Simultaneous measureseants of I aand I, che
energy deposited on calibraced collector disc,
enablad deterzination of & vhich nnder our operating
condicions vas (1.1 2 0.2).

Figure 2 shows a typlezl set of oscilloscope traces
for a 8-pinch charging voltage of 35 kV and ex~
traction gap voltage of 16 kV. ¥For cthe signal shown
in figure 2b the lon beam curranc corrected fcr
secondary emission gives a value Ii = (95 = 15)A,
the exror arising from the uncertainty in the zeas-
ured value of a. The extracted current increases
rapidly with increasing density and is ter=inaced
by electrical breakdown in the accelerating gap.
The total current I~ 100 A corresponds to current
density v 2A/cm? vhich &s larger than che space
charge limited current (3., 1.2A/c=? for U, =15
kV and gap separation d = 3 mm). It suggescs that
processes occurring in the extraction gap result in
change of jsp' Emission of secondary electrons
from the second electrode of she extraccion gap can
considerably change potential discribucion thus




L¢3ding %0 the decrease of affective gap spacing.

Racencly pudlished :u:u1:57 show thar ac high lon
curzant densictias (> 1.1 Afea®) complen precesses
eccur in the gap resuleing {n an Increasa {n the
affectiva aecondacy eaission coefficlenc vhich
causes additlonal neuczalizacion of space charge.
Tigure ) ahovs a cosparison of the axcracted lon
bean current densicy J, with the dxpected curzant
J, = qev raleculated £:;: the aeasured values of n
and v 22 a fuaction of epinch voleage Ug. Also
shown {3 the 3oha currens Ja caleulaced fzom the
neaguzed valuas of n and T, It {3 seen thac JL
and 3, follov the sama curve and show a steep
increase with d-piach voltage, while the Boha
cursent stays a falacively insensitive function
of the voltage. Ia cur range of vbsarvacions the
zacio ‘JVJJB) rises co M 10 which {s primarily
due %o tha lncraase of v with 3-piach voltage.

Qualizy of Yeam focussing was zested by using

vasiable diamecer collectora which could ba moved
3¢an 3i{ze “hich is
3 o= at zhe grids was fouad to be lass than 1l ea

along the axis of the system.
ac tha focus. 2eax diameter was seasured Irom
burn =arks on exposed polaroid paper. Diamecer
o? cthe Zocul spoc 30 zaasurad vas & 7 =m.
Posizion of the basa focus colncidad with the
Size of the
faca) 3poc suggescs racher high value for beas

geozecric focus of the electrodes.

enizzance vhich we aceribuce asinly to the {zper-
feccions of che eleccroda shaping. & ctransverss
:0=p0nent of velocizy of the injected particles
aguld also have cencributed to the eaittance.

Lunelusfon

Use of 3 =oving plas=a 33 a source of fons can
incredse extracted curzencs as cozpared co a
scazionary plasza »ith che sace parazacers. Ion
beazs wicth zotal currencs A~ 100 A correspoanding

t0 surrent Jensicy 25/ca® were excracted over the
9 o= Jdiacacer cwo-elaczrode excractlon syscea.
3rocesses dccurring in the extraczion gap (second-
1rv elaccron enissifon) la2ad o an iacrease of
exsraczed surzent density above the limic sec by
the Child-langouir law. The syscez described here
seexs 0 Je parzicularly suicable for generatlon

of large diametar {on baams. Tor Vv JO ca dl{amater
axtraction syscem {t would give ¢ xal fon curzeacs
in the Tange of 1 kA at presantly obsarved curriat
densicieas. Furcher increasa of plaswa dansicy and
valocity can theoratically increase extracabla
currant density provided chag difficule problem of
suppressing voltage dreakdown in tha gap can be
cesolved by possible use of =agnatic insulacion.
Turcher study of processaz cccursing in the gap L3
neaded for batter understandiag and possidle

incressa of extraccable curzents.
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FUNDAMENTAL LIMITATIONS AMD DESIGY CONSIDERATIONS FOR COMPENSATED PULSED ALTEXNATORS

W. . Raldon, W. L. 3lcd, M. D, Driga, K. 4. Toik., H. G. Rylandar, H. M. Woodson

Cancar for Elacizosechanics, Tha Uaiversity of Texas at duazia
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Abseracs

Since tha deginning of a prajecs Iacanded to
denonstraty tha feaaldilicy of using 2 compansated
pulsed alternazor (compulsacor) as 2 powver supply
£0r NOVA and other solid sctats laser ayatans, 1
3ceac daald of I{ntarest has baen generated in
applyin
other types of loads.
fundasental liz=icacions iuposed oa the dasign of

tals 2ype of =machine 2o supply eaergy for
Thia papar cutlines the

guch 2 saching by tha nechanical, cherzal, =ag-
nazic, and eleczrical propersies cf cthe macerials
usad. Using these liaizations, the pover aad
anergy avallabla froa the sachine are calculatad
as funetions of zachina dimensions. Savaral

configuracions for tha mschine and thelr zelative

0

azizs for various applicaciony ara also dlicussed.

Iatroduszion
Racencly interest {n pulsed powar for a variety of
inarcial

aanfine=ent fusion dxperimanty, advanced veapons

applicacions including =agnecic an

svstens and induscrial msnufactucing processes
w33 resultad in zany davelopmenns ia pulsed puwar
upply tuchnology. In several areas inercial
anerzy storage has ezerged as an astractive
ilternazive £o zagnectic or electroscatic snaryy
$307age becsuse of che wery high energy dansizies
available at velaravely .aw cost. Tae problea of
conversing che siored iner:ial «ouezgy to elecgrical
energy, however, nas nor haen sacisfacterily
rasolved In =ost cases. Conventional alternacors
are li=iced in pover outpur by their own intemal
izmpedance and although pulsed homopolar ganer-—
ators, having low internal izpedancs, are capasle
»f very high pover outpucs, they accusplish chis

az low wvolcages which are not always desirable.

In essenca, pulse rize times are limizad by
iaduczive voltage dzop (L %%). Ia ez siuplese
fors an altammator consiscs of a singla zurn ¢ofil
of wizre apun in a asgnacie lald (Fizure 1).
Ineraasing che output voletaga of suck a machind
(to produce {zater %%) requires incraasing zhe
aagnacic Zlux daasity, lacreasing the suriace
spaed of the rotacing coll, or Iincreasing the
number of zurcs (n cha coil. Ultimacely, the
sagnezic Zlux densicy aad surface 3peed o che
ccil are liafted by austarial propercies. Tha
alzernator voltaga increases linearly wich the
nuaber 0f tums {n the coil, dus unforcunacaly
tha i{nductance, vhich limies pulse rize tize,
rizes vith tha squara of the number of turns
ragulzing in no gain Iin output povar.

(V(’))mux = B!V

Magnetic field

! I
——

Qurput
terminals
— Roration

Sizmple Alternatar




The coxpensated pulsed altemator or cospulsator
{Figuzs ) uses 2 szaslonary coll almost {dentical
10 the rozating one and comnactad iz saries wizh
4% To incTéasik ourpuz pover by Ilux compressica.
As$ tha two colls approach ona snothar, the Dagnesic
ifald generazed by the ouzpus curtent s Trapped
basvaen them and compressed asd the allective
induclancie 13 tharefore reduzed. Shea the w2

€04l axas coincide tha induczance ia ainimized,

Sus the alternazor voltage can bé at its maxisum
valua.

1,2

This rasults iz the ganeration of a very
lazge nagaizude curzens pulsa from the machine,

In addizlon the ccmpulsator ¢uzput volzage during
tha Induttance change can be considursbly higher
than the opats cixauic volzaye due to 1%% aflaccs.
4% the rocating coil passes cthe stationary ome tha
inducante agalin ziszes to its normal (higher)

value, comautazing zhe pulse oZf,

Figurs 2: Compensatad Pulsad Altearnator
Since the compuisator is essentially a variable
induczor in series wizh a convenzional alcermator,
and denends upon minimizing circulr inductance to
generate an ouzput pulse, it is nor vell suited
for driving inducctive loads. Y2 is well suited,
hovever, zo both capscizive and resiscive 101d|.2‘3
The use of a pulse transformer to incraase com-
pulsator output voltage has also been invesci-
gat¢d3 ar, appears to reduce the net ouzput by
about 253%. This paper is inzended to indencify
and characzerize the fundamenzal limitacions to
<ozpulsator performance and to suggest some
approaches for extending these limirations. For

convenience the fundazaazal lizizaczions to
cenpulsacor performance can be divided {nto thraa
gzoups; those dealing with the e2fac: of load
characteristics, those liz=izing outpaz povar, and
those limizing minisua pulea widzh.

Effec: of load Charactariscics

-
—

A 3ixplifled (lumped parsmatez) circuit Zor a
compulsator connected to 2 resiativa load (such as
a Zlashlamp) &s shown in Figura 3. )
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Figura J: Simplifiad Circuics
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The 242Zerenzial wquazion foz this circult caa te
writzen sst

-] .
E-:-(u) + RL = V(2) (1)

whare L and X are the tocal inscaazaneous ecircul:s
induczance and resistance, V(t) is the "alteraator"
voltage (open circuit voltage) due o the armature
coil rotating in the appliad sagnazic fleld, and

4 is the instantaneous current. The solution to
equation (1) is:

o

R
L g

1 t t .
i« I((Loio) + I v{(z)e dc) a {2

vhere Lo and Lo are 1:1:1:1 values of inductance
and current at the beginning uf the pulse (vhen
the eircuit is closed). The first term vithin the
brackecs of aquation (2) zepreseats the concribu-
tion to total outpuc currenc made by the flux
compression aspect of the cozpulsator while the
second term represeats the curcrent due to the

vol:z-seconds supplied by the alternazoz. The




d4ras zama prizarily allects tna shapa of the
ougput pulse while tha iacond tarx dezeraines the
energy daliverad to che load, For 3 wida ranga o
zes{ative load cases favestigaced tha cempulsacor
has daen found to zaduce the dasic altemazor hall
cyela pulge wideh by 3 dactor of about 3.

For 3 capacizive load such as a tranaer capacitor
tha basde elrcuis 43 shovn fa Flgura 4 and tha
difdazanzial dquatlon Zor the eirzulc la:

Sen sxad Iu: » V(o) )
L / R
AAA
Vi ©) ¢

Flgura &: Sizpliiad Clreul:
Cozpulaxcor Driviang Capaclcive load

Alzhauph cha snzlycizal deluzion of this zacond
~rder diflaczencial aguacion {3 quiza cusdersoza
LT 23 Y@ #0lved numerically and the anergy

ivezed 20 4 ¢apacicive load by a compulsacer
133 haen 3hown C9 ba

i€ 2
(,o\(:)d:)
-.q—-:-i_— (:.)
24{n

T H
age La!n

and < is a agmarically Jacermined coascanc which

i3 tha zini=ua sotal eireuir induczance

123 heen found 2o ba sround 0.5 Zor =osc cadles of
incarest. For cthe capacitive load case the

s2zpulsacor has been found To cozprass che dasile
aitarnazor aai cycla puase widsh by a faceor of

JR0US .,

wi3itacions o Pesk Sucsut Pover

t is apparenc frea 2juacions (2) and (%) thac che
oopulsacor's primary advancage, in terss of high

-
1
»
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QUTPUT power, ovar the convanzional altematoer
comas Izom lux cowprasaion, or wore apecilically,
{zox the intavaciion of tha discharge currdnc wicth
the {nductance variacion. This in turn {spliea
that tha Inductance variazion =ust be maxianizad
and since the aaxisum {aduczance £n tha uncompan-
sated porition i3 zelatively insansizive to
saching vaciables, zeslly ziaquizas chat the
ainisum {adaczance in tha compansazad posizion b«
reduced as auch as posaidle.  This Tequizesant
Juggedts tha uvaa of cadlally chin air gap vindinga
ulatridbuted unlforaly over the roter surface
tachet thaa sallenz pola vindings or aven diseri-
buted wiadiags in slozs aluca tha sloc taath
{rcrease the vwinding Induzzance. A sigalflcaac
limizacion 20 peak outpur pawer comsed then Izew
the conflicz YSetwden the Tequirament for ziniau=
vadial air gap datvean tha rotor aad 3Taor
indings i{a order te minlaize L:l: a2d the dlaléc-
tric screageh of the alr gap Insulacion on the
windings. The {nductance variation L1 givea by
(392 for aa lzen ¢urad aachine (uasaturatad) aad
by i(L + §) for an aiy corad sachine vhere 7 i
che conductor wideh par pole and 3 13 zhe radial
alz gap datwveen conducsors, 2o thac the sansizivicy
0f amachine pecorsance o this alz gap liatzacien
{3 readily apparent.

A sucond limdzacion on ouzpuc pover Imposed by
this alr gap windlag concerns tha shear actrenith
of che fasulacion syscan used o bond the 3gator
and rotor windings cto the irator 3nd rotor sexuc-
tusad. The {nceraczion betveen tha compulsacor
digcharge current and che radial componeas of the
magadcie Ziald ia che alr 3ap due zo chat Qurzent
causas 3 zaagencial forez on the conduczors ukich
slovs the rotor, ceavarzing scored inercial <anzgy
to elecsrical enargy. This force rasules {n a
cangenclal shear szress on the fasulacion bond
berwean the conduczors and the rotor or scaters.
ahis radial zagnecic Zleld ceaponeaz whien derends
upon the tize and position Ristory of tha currents
as well as the perzeabilizy and addy cusrents in
the surrounding struczuze has been calculaced Ico
several cases using a transient, nenlinear, finice
ale=ent =agnetic fleld zapping ccde developed by
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the Ceazer for Ilaczyomechanics. For zhase cases #%in aliaces can confina she faxz vising currans
an avezage suziace curzans densisy of 1C MA:z vas pulses 20 the suslaces of the conduczors raduliing
Zound 20 produck Rtrasses vhich could de vithatood in aven m=ora savere haazing. This akin eflelt can
by fngulazivn systizs vith shear strengihs of be overcema by using stzanded and cransposed

28 Mra (000 pal). The peak mechanical power conductors buz thase {nzraase the ainisvam induc-

ouspul of the machine is simply tha produces of zhis Tance somevhat as vell as cosplicazing the
peak allovadla shear stzass, thé active surdace azea  comsczucslon of the smaching,
1 tha roz207 and 2he totor aucdace speed. Tor a

rotor zuriace apaed of 130 m/suc, such as is used Limicacioas 3o Minimum Fulaa Widesh
{0z the Lavrence Liveraora ladoratory angineering The relazionship of zhe cospulsazor ocusput pulse
protatype coxpulsazor (Figuze S)"’ vith a lsai-~ vidzh co zhe basic (alcemnseor) hall cycle pulin
nazed stadl rotor, the peak output power per uniz vidzh has bean discusnad for vatlous leads. Thiz,
of suriaca avex i3 &.2 c#laz. ¥Yor other of course, suggasts ‘hat & faazer pulses are
conlfgurazions eapadla of operazing at much highar raguixad che base xaiectrical Irequency o the
spaeds which are desezibed lazer, this liniz nmay altermnazor sust de {ncreased. Tha alacszical
excied 10 cu::’. Irequency ¥ of cthe altarnazor &3 given by:
,-!OOM roant
fol
uerts sovaate ’ ndiaaaand g © ¥

vhera ¥ L3 che aumber of fidld poles and o 13 the
mechanical rotor speed ia radians/sec. Th:
sachacical roctor speed i li=ized by ctha s:ifinesi
of the rotor and {ts dynamic behavior ia tha bear-
FmEN e - el ¥ g ings and by addy currant genaration due o the
alzarnating asgascic Ileld axperinenced by zne rotor
turaing in the hatropolar excizazion Zield. This

addy cutrens limiz can ba extended by lasizazing the

rozor, but thare is a practias) limic to the
ainimm lanination thickness which can be usad;
and as the rotor laminations ara =ade thinnez,
rotor constyuction becomes sore difficulz and
Totor wochanical sctiflness suffars.

Tesyal stamay
420 sdutnd witu

Increasing the mechanica. speed of the rotor has
RS ORTATC LY

anothar limictation as wvell. 1Incraasing rotor speed

Figure 5: LLL/CEM Prototype Compulsator increases centrifugal loading on the votor air jap
winding. This in cum reqiiras addicional danding

Finally, the sequirement that the rotor and stator =aterial in the air gap to rescrain the rotor
cenductors be radially chin in order to generate conduczors and this leads o increasing the radial
=inizun {nductance is in conflic: with the air gap spacing which again increzses the cruclal
excrezely high curraat densizies achiavable in the ainimum machine inductance.
cozpulsactor In thar chermal heacing of the con-
ductors z=ay beocome a lixiring factor especially This leaves only the option of increasing the
in the case of repecitive pulses. This therzal nunber of poles to increase the alternator

1init can becoze even more regzcrictive in chat £requency, but here too we find a 1limiz. As the
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auzder o polea Lncressas foT I given zachine the
#pacing dezvaen poldes must dacrease. As this pole-
to-pole spacing approzches the air gap diicance,
the applied {iald leakaga axcaeds the useful $lux
eut by the rocor 2onductors. This painc of
distaishing retums zazas zhe dddicdon of mora
soles fuzile.

Finally, as the basa dzequency of tha compuliator

13 inezdased, the volr-seconds par pulie supplind
by tha exefrazion flalé [fVdc in equacions (2)

aad 15)) dacreases. This drastically liaizs the
ouLput pover availadla froz the oviginal compulsazor
canzept for pulse tines belov 100 yiac.

Alzarmaza Co=oulsazar Confisurazions and lov

They lddress Li=lcazions

Tigure 6A shova tha original compulsacor configurca-
t5on o vhich the lialzaclons discussad in zhis
papaz apply. It consiscs of a mulcipole vave
winding on thd rotor conneczad in 3eries through
alip cings uith an alsosc ldencical mulzipole vave
uinding on the dtacor. The alternacor volsage V(t)
13 zenecaced by tha armacuce vindiag (oaly) rovacing
in tha applied magnasic Zlald aupplied by zhe
axcicagicn colls., As zeationed praviously, tha
alternacing magnacic {2ald axparlanced by the rotar
vaquiras chat 2ie zotor ba construczed of laminacad
caal and this gesulss Iin 2 Jubscancia) reduczion
in zotor aciifness as well s addiszfonal complaxicy

1% TatoT sdndtTucsion.

— MAGRLTIC POLE

™ ———— CXCITATION COR.
. BACK nON

STATOR {COMPENSATING)
COMDUCTOR

AR QAP

ROTOR CONOJCTOR

LAMATED ROTOR

Flgure oA: Stationary [fleld Zo=mpulsacer

The rotating flald cempuliacor (Figura 63) oflaxs
ona solucion to this problea by placing the
excizacion coils on tha rotor, radially indoazd of
the arzacura vinding. The gotor no longar expa-
viences an alternacing appliad Ziald aad now say bta
fadricated from a solld Zorged stael billec. Tha
rotor will bea auch stiiZer and ean operate at higher
surface spaeds.  In pracsics the excization colls
would probably ba discxibuced vindings rachar chin
tha sallent pole conszruation shown hera for claricy.
™is configuracion doas zaquiza tha szator or dack
iron to be laminaced, but tha loading of the stator
ia lass savare and auch greacter dasign lacicude
axiscs for cthe stacor than Zor the rotor. lowevar,
since the excitation coils occupy addizional apace
{n tha alraady crowdad rovor, flux pach considera-
tions dictate chac chis construczion only be uied
for larger machines,

CE iy BACK IMON (LAMWATED)
N AR SAP
. g ) 2TATOR (COMPENSATING}
; ; conouTma
CACITATION COR,
RCTOR CONOUCTOR

MASNENC POLE

- S—— L0 ROTOR
{ FOAROMAENETC)

Figura £€3: Rotacing Fleld Compulsactor

Anocher aolution zo the laminacted rocor preblem i3
showm {n Figure 65, 2y Zabricacing che arzacure
conduczors inro filasenc reinforced composica "cups”
which nest togucher coaxially, zha cancral iren

core ¢an rez=ain scacionary and chus ba sollid. Sev-
aral ocher benefits acsue froa this desizn a3 well.
Since the rotor inersia i{s dramacically reduced, 2
larger porzion of che Iinercial energy 1s scored in
the conduzzors cheasalves. This i3 signtficant sinze
the <onduczor {nerzial energy can ke 2onverzad wich
tJ x 3) body forzes racher chan the zonduccor/
{nsulacor shear forces necessary o convers fnertial
anergy 3ctored 2lsevhers Iin the rogor scruccure.

This alleviaces tne iasulacion shear scyess limi-
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taclon and allovs higher surisce current dansizlas

and consequanily higher peaik ouzpus pover par uai:

ol active rotor suriace ataa than tha configuzazions
shown in Flzures SA or 63,
rotor construction allovs the Ivo halves of che
arzature winding to be ounterzotared, doudling
the opan efraulz volfage of the zachine wizhous
Increasing the cirevis inductanca.

in addicion, the 2up

This fanovation
also doubles the dase aleczrical fraquency of zha
eozpulzator vithout imposing the geomezric limi: of
the pole spacing approaching the radial air gap

di=ension (excassiva flux leakage limitazican).

/T>' ”
- - . oo
! o ,'.“f.l’;?;w

S 9o R
L AT L.

BAGMITIC POLL
BACY 0N
IRCITATION COR.

ATATIONARY MOR CONL

> .z'JFCOUl?IIQONAV-n
3/ aauaTURC cOMBUCTONS

ANy AP

Figure 6C: Counzerrozating Cup Rotor Compulsator
Finally, since for very shorz pulse Zimes

(<100 usec) the volz-sacond contribution of the
applied magnetic Ideld becomas a limizing factor in
=achine pesiorasace, configuracions which supply the
necessary voli-secords Irom an extemnal source
{pechaps a capacitor bank or even another compul-
sator) have been {nvescigatad.
shown

The coniigurazion

L)
ade

Figure 6D is an ousgrovth of thesk
invastigacions. The volt-satonds are supplied zo
the szationssy winding by an external source and

the applied flux s tnen comprassed by the rocation
of tha fluted, conduczive (probably aluminuw)

rozor.3 The rotor is slowed by the flux compression,
inersial enezgy in the totor being converzed to
el2cirical energy in the stazionsry winding.

Inizial investigations have indicaced that such a
device {3 capable of producing enexrgy gains of at
least a factor of ten over cthe inizially supplied
volt~-seconds, and can deliver large amcunts of

energy (>10b joules) in substaacially less zhen

100 usec.

STATOR (Mav of
FEMROLMINETC }

ATATON CONBUCTOR

pan AR GAP

3 \.}-
3 3
$

p——30L1D (/OMIUCTIVL)
AOTOR

Figura J40:

Brushlesas Rozary Flux Compressor

Susmary and Conclusions

This paper has ror only sddressad tha Jundazmenzal
lizizacions to perZormance o zha raceatiy favented
compensated pulsed altarnacor. buz has cacegozized
thes inzd three groups; zhose dealing wizh the
effaczs of load characzeriszics, those limiiing the
peak cutpu: power, and those limiziag zthe =inisu=
pulse wideh., Ia addizicn, the authors have supgesced
soma nev design approschas, vhich appesr to excend
the oparating limits of zhe compulsazor concep:

bayond those of che original compulgavor dasiza.

The work described in this paper vas supporzed by
Lavrence Livermore Liborutorias (contrae: no.
3325309), Los Alamos Sclentific Laboratories
(contract no. LC~77-5-05-5594), the U. S. Deparz=ent
¢ Eaergy, che Naval Surface Weapons Center (contracs
no. N60921-78-C-A249), and zhe Taxas Atonic Energy
Research Foundation.
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USE OF TRANSTORMERS IN PRODUCING MIGK POWER OUTIUT FROY HOMOPOLAR GENERATORS

W, H. Lupcon, X. D. Ford, D. Conte
H. &, Lindazrom, I. M. Vitkovicaky

Yaval wzasrch ladoracery

Washingron, D. C. 20375

Abseraet
Analysis {3 presenced for systams using high currenz
pulse tranriormers no éxploit the high energy scorage
capabilizy of homopolar generators or other limited
current sources, The stapped-up secondary current
2an be escablished aither by curren: interruption
whan the primary is also used for energy storage or
by commuzation of current into the primary {rom a
saparaze storage inductor. TYor high-pover pulse
generators the primary {nsulation and pover supply
are procacted by subsequant crowbarring of the
7izary. An axcaple i3 given of a dasign for
<hing the NRL homopolatr generator with 1.46 =il
:rnductor to 8 L1}, megavolz lavel {nductive pulse

generacor.

1. Iacroduczion

Tulse pouer generacors using inductive anargy storvage
=ay have aconcuic proxize for applications requiring
11_ 1013w, Studies of openingswitchas
which must be used with inductive storage have

povezs of 10

shown that it is possibla zo usa carefully made and
operated axploding foil fuses as current inter-
rup:cxsl'z with high alectric fields (of the order
The limizationg
i=posed by the ratio of conduczion time to opening

0f 20 kV'/c=) across the fuse.

zize, which {s fixad by the nature of tha vapor-
ization process, has been overcome by sequentially
opaning saveral szages of svitchcsz wich pover
zsulziplicazion at each stage so that megavolt output
pulses are ctypically obtained. This approach has
been extended recently with the TRIDENT pulsa gen-
e:a:c23 using larger fuses and requiring currents

of the oxder of 500 kA.

The advent of che explosively driven mechanical

svi:ch‘, vhich can carry thase currents for leng
intarvals ol time, make it possidle to enexgize

the enargy storage inductance diractly with a

Ond
in axistence at tha Naval Rasearch L;born:orys has
an energy storage capability of several megajoules
and typical current output of 40 kA, To significanzly
{ncrease the current outpus from this genurator
would require additional current-collector brushes.
This would be an expensive addirion in thiz case
since tha use of Iiber brushes is required dv the

current source such as a hosopolar genarator.

high rotational speed. This is an axagperated case
but illustrates the fact that cha currans output of
homopolar generazors are limited by brush and

contact area.

Any pover supply with a lizited current capabilicy
can neverthaless be usad to deliver s large awovunt
of anargy by allowing iz to energize a2 sufficiencly
large inductance. Subsequent switching which pro-
duces a change in current allows use of the trans-
former principle vhere a change in curreat in a
zultiple-tumn primary winding isaccompanied by 3
greater change in current in a secondary winding
of fewver turns. This procedure was used by Walker
and !ar1y6 to obtain a hundred-fold current step-up
in an induc:zive storage system., The dasire to ucilize
the NRL homopolar generator for the TRIDENT hign-
povar pulser studies mentioned above provides che
motuvation for this analysis of cransformer systems.
In circuit design special actenczion is given to the
consequences of high-voltages resulting vhen the
system is used a parz of a high-power pulse
generacor.




II. Car=on Stora and Transforoer

14 the anergy storage inductance 43 a ¢oil of many
turss, a secondary winding of fever turns can be
couplad 20 (T 20 Yecoms 3 high-current source for a
pulie generacor. This concepr i3 Llluscrated
achamacically by the circulz shown in Tigure 1.
In the Zirsc stage of operacion the homopolar gen-
rator, denoted by NPG, energizes a long time~
zonstant cofl Ll with sviceh S‘ closad. Tha high
Qurzent, I,, {n the sacondary is escadlishad lacver
«hen S‘ o;;nu to interrupe the primary current.
The Zinal, high~pover itage iz cthe opening of che
swizch 5, causing rapid ctransfer of the higher
cuzraat Z::o the load represanced by che vasiszork,.

2
M
—~~
LIS b

s 3

Fi3. L. Cizeutc for trans ',rmer and opening
suitchas with primary anergy scorsge.
Lf tha prizary 43 supplied wich a peak current £,

the 32o7ed anergy i3 Hon(llz)Ll 13. The 3econdary
uinding naed not have a long zime constant aad
sacendary curzents induced during energizing of the
Oz, {f {c is
<e3iradla to completely dliainace thesa pracursor

»rizmary will quickly dacay o rero.

2urzents froa the swisch S5,, an addizional zeries
suazch (o2 shewn in zha Zigure) cin be incorporaced
irg> cha circuic batwesn L, and S..

AT the stars of che jecond sctage both Sl and 5. ate

:eosed,  The nrimary and sacondary curzencs have

»alves of (‘ - la and 4, » ), Juring the incer-
supeion M primary cursane by S1 she rate of change
af sgcondary flux iz

M3, 2de) = L, (di,)d0) = 9 (1)
unaze ¥ I3 the =utusl induczance barween the two
~ares 3f e cransforzer and L: is che sell-inducz-
sace af zae secendary clrsuiz, {acluding the con-
woposing Sa. The sign coavenclien Zor
surzent Ilow is chesen so chac posizive currencs

in soch nrizmary cnd sacondary produce magnetic

flux {n the sama directiza., The constant flux
approxizacion of Iq. (1) is valid as lorg as the
tine constant of the secondary circult is much
greatey thas tha Intarluda of current change. Inta-
gracion of Iq. (1) shows zhar when primary curreat
dacays Izom Lo to 0 the sacondary current {ncreasds
frem 0 20 a valua 12-(HIL2)1°, indapendant of the
aize and shape of the voltage pulse Irom the primacy
seicching.

Nov with ‘l = Q, the remaining vcorad <nergy {3
1 ]
wz » (1/2) L :2‘ LE Ro (2)
b ] 9
vhare kK~ = !‘IL1L,. 44 S‘ rasaing open vhen §,
opens, this anargy will ba dalivared o the load,
Q:. In this case the prisary voltage will ba greater
than tha outpuc pulie by cthe Zactor W/L,.
S,

P

M
7N\

Eu t.% Ve 3

Y,
Fig. 2. Crowbar added to ci¥euic of Fig. l.
S3 Closes defore S2 Opans.
The appearance of high-voltage across che primary
csn ba 2lizinaved by a crovbar, shown as swizch
53 {n Figure 2, prior 20 opening S:. 12 =) upen
opaning of 5, primary flux do¢s not changa:
L (d!!ldt) + M (dL,/de) = O &)
The voltaga across che load l& and suwiceh S, cor-

Tesponding to a dacrease of secondary flux is
v; - oM (dilldt) - L, (dzzldt)
- - (176D L, (dL,/d0)
and che anergy cransfarrced inco R; is
L] »
8, =Sl = (D) ¥, = (TR (5)

The 2nergy transfer «fficlency in chis lacsar case
"
has a ~axizum of 25X whan X° = L5,

The enerzy transler afficiancy has been Invescijates

Zor cases !nter=ediace batween thosa for open-

asirculz and crowbarred primarzy by analysis > a




modal for the circul: of Figure 2. The wodel
asaunes chat §, is a2 parfac: wwitch opening {nstan~
tanecusly with.no iadeial primary curreat and tha:
X, and X, are constanz. Primary and sacondary
currenty ward obtained by a scraightiorvard trans-
{ént calculation. From them the primary volcg.«

100%
s
§ 0%
g 20%
- 10%
Eun
X
)
] iﬁ ‘iA LY ) li 19
TRANSFOMMEA COUPLNG, i

- amen

Tig. 3. Inc;;y efliciancy sgainsc k¥ vieh
resinzive crovbar. Curve parameter is
peak primary voltage as parcent of
open~cixcuir valua,

. anargy dissipated in X, vere computed as func-
tions of R and k:. The rasults are shown in Figura
J vhere anargy transfer afficlency is shown as a
Iuncrion of kz for sevarsl primary voltages. Tha
tvo liadzing cases are evideat. With open-circuit
the afficliency increases as h; and with completa
crovbar the lover curve is the efficiency predictad
by 2q. (5) above.

II1. Store Separate f{rom Transformar

Short connections are needed to the TRIDINT pulse
genarator with ics high-voltage switch stages

under water. An altarnative to placing an axiscing
zassive storage coll under vater is an antirely
separate transforser with its primary current com-
mucated from the storage coil. This concept &s
shown schematically in Figure 4. In that figure
the PG and storage coil with inductance Lo ara
shown to the laft of the vertical dashed line. The
components to the right of the line can be placed
in a water zank zo facilitate higher-voltage
operation. The device represented by this circuic
is considered to operace in three stages: slow
energlzing of the storage inductor, transferring
current to the cransformer and opening of the final

a

secondary awitch.

—\9155/: M
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TN\ S
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wal “ViBuLg Y 3w

Fig. & circuir {or tramsformer and cpaning
swizzhas with separate enargy storagi.

Bafora the transfar stage, tha sioraee inductor is
enargized by current 1, and energy Ho-\:'z)Loioz and
both switchas are closed. If the time constant of
tha short-circuited secondary is adaquately long
thenEq. (1) is applicable and sacondary and primary
currents are relazad by 22 - -(HIL:) Ll. The voltage
appearing across tha primary swirch as it opens
equals the rate of change of the increasing prizuay
flux. It also aquals the rate of change of the
decreasing flux of the sctorage induccor.

=L, (d1 /de) = Ly (d4,/¢c) + H(éizldt)

9
e (1-k") Ly di!/dt

The current through the primary switch ultimively
vanishes, after vhich i) = i,. Incegration of the
above equation as primsry current cises from 0°to a
final value, Ll’ and the storaga currenr drops
from t° to 1! resules in
1 = a ~ (6
1+ (1—k‘)L1/L°

To avoid unduly high voltages, the primary should

be crovbarred prior to opening of che secondary
suitch, In this case, it vas deterainad aarliar tha:
the load voltage is given by Eq. (4). The load
pover is the product of chis voltage and secondary
current. By time {ntegrating the puower and sub-
stituting the relations determined in chis section,
the energy delivered to the load can be expressed as

2 2
k® (1-k") L, /L
LA = 1o wo %))
(1 + (1-k%) Lllx.o)"r

This relation is shown graphically in Fig. 5.
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Tach curva there raprasancs che «fficiency as a
funcsion of % for soma fixed value of the para-
sqcar L/L). The uppdr_‘invdopc for this saries

of curres i3 zhe lin. ®°74, corrasponding to tha caie
Lo-(l-k:)!.‘. s is ap-
proachad as &~ approachaa uaity and L‘ becomes

A saxizum efZiclency of 253

nfinica.
- — —
2=
Fi
kx
1 ] 1 } 3
) 2 A . K

B W e SeEme—.

Tig. 5. Enargy afliciency unn: k2 obzalined
with clreulr of Tig. 4. Curve para-
satar is Llll. .

IV, RPG-Transfersay for TRIDENT
Tue “RL KPG anexzizes an existing air-core Induc-
Tar, L, » .46 =M, vhich will be couplad by
sendrace transformat to tha l-wid inductance of the
wataz-insulazed TRIDENT {nductive pulia gumarator,
A double solenofd dasign Zor 20% aZficlency with

Ly Ly = & and &0 = 576 ta fllustrated hare.

Since the prizary zima copszaac naed noc ba large,
tue prizary i3 wound with PO-220/U cabla core

12,3 oo dlanezer). The (mulse dielecizic

strangeh M :hiz cadla is abour 430 RV go
addicional sclyachvlatd —usc be added vo allew 3
ATITACY-Co~yaccndary volrage approaching a megavole,
Tia 12ed ©o $izplily counections zo che Ligh-voltage
Juise former gscages dictaces thac che sacondary
2311 e Juzside the primary. An Lizegative pro-
~edure of saif and mutual {nductanca caleulacions
decarnines the 2.2-n diazerer and L.E-n lengch
-asulzzn'- in I. * 5.3% i, M= J23UH, L »20.32 .4

wma &° « . <:4/!.,2) tl izaiias
Rt 28T raddal forces on primary

.S... The ralacion 4.

and seccndary
ire «qual and 0P703iZe. The sri=ary san de wound

en A core for cosprassive stxength, Ralacively
thin shear conductors with strong insulating clamps
at tha output conmactions will wichscand cha scrain
casuleing from {mpulse mosmantum given to the
FETIdATY.
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Design of Mlse Translormezs Zor PYL Charginge

C. J. Rohwaln

Sandia Loboratories, Albuquerqua, Sev Mexico 387185

Abszracs

ALT core pulse ransformars povered by low veltage
capacizor Sanks can be simple efficient systeas for
charglag high~voltage (0.5 to 3 MV), pulse fommiag
zransnission lines (PFL) such as thoes used {n
aleczron zad lon beam accalerators. In thase
applications pulse trans{ormers sust have the
conbined capadility of high voltage endurance and
high energy :vansfar afificlency, particularly in
repsticiva pulse systems vhere these fesatures are
of primery isporzance. Tne design of shialded,
high-valiage, spiral, strip transformars vhich

fui 2411 thase requirements is described {n zhis
papar. Teansfiormers of this type have been testad
in threr avstems vhich operata with greater than
90 parsant rransfer efifclency and have not failad
ir ovar 10 shets.

Inzroduection

High valtage pulse transformer charging systese
typleally consist of a lov voltage capszitor bask
goupled to-a high voltage PYL through a voltage
star up cransiormer as {llustrated (n Fig. 1.
Thasa systems have the advantage nf not requiring
an ol} tank 2o Insulate the primary storage capaci-
zors snd ate genarally sore compsct than Marx
enerators. With traansformer systems, however, it
can be d4¥fizulc to schiave both high voltage
endurance and high energy transier efficlency.
The Tesson for thiy is that operatien at high volt~
sy L5 300 kV) nacassarily requires that voltage
3rading devices Se placed (n high electric fleld
ceglany vhare the magnetic fields are also high,
Consequanzly, the sagnetic fields link zhe voltage
zadirg szructuczes and often induce eddy current
loops with opposing magnetic fields vhich partizlly
cancel the fields in the main vindings. This
accion produces a parzial intarnal shorting of tha
transformer 3nd significantly reduces the energy
transfer afficleancy of the systes.

70 mvold this shoriing affect it {s necessa:y to
design voltage grading devices such that the
zagnezic £leld can diffuse through tha assembly
without inducing addy currents. A grading struc-
ture that satisfies chese requirements has been
developed for spiral szrip transforsmers which

*This vork was supported by the U.S. Deparcment of
Energy, under Coutract DE-ACO4~76-DP0O789.
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Fig. 1. Schemazic of :ypical transforaer charging
circuie,

require alectric flald shaping across the aarging
of tha secondary vinding. 1t vas found that a
concantric ring cage, wvhen properly sesembdled, vai
tzansparent to the magnetic field but maintalned he
propar elactric field distridution in the margins.
Figure 2 illustrates a typical ring cage assembiy.
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{g. 2. Concantric ring cage assembly.

Discussion

Sprial strip zransforaers are i{n general beiter
suited to PFL charging applications chan thair
helical wound counterparts because they have a
higher power handling capacity and because they
are less vulnerable to interturn braskdown Irom
nanosecond transients Zed back into the traasformer
secondary by the PFL discharges. The higher
endurance of sprial strip windings to transient
voltage breakdown is due to z more optimum capaci-
tance distridution through the high voltage
vinding.




Hovever, 2 sixple sprial strip transformer, {llus-
graced in Flg. J, has the inhazent weakness of
atcing Ivom the edges of the secondary winding
strip {rom highly enhanced elnctric Ilelds along
the edges. Such breakdowns usually oviginate at
the 4dge of one of the Iinal secondary tumas,
f1azh across the sargin and close the are path to
the prisary or one of the lower voltage turns.

The ensulng discharge typically rupruras tha
{asulation sheets and leavas a heavy carbonm deposic
aleng cthe path of che arxec.
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Fig. &, Transforwer wizh continuous concantric
shields.

flz. 3.
The hizh Zield enhancenant along the edgas of the ! 'rwm
vinding {2 asmoci{ated vith the aquipotantial 1ines

which amerge frox batvesn the turas and bend sharply
around the edges toward the lower potential primary ...
turm. The 2{eld enchancesent in the adge reglions

iialcs the operacion of a dare spiral scrip to )00
ta 400 ®V even uvith tha bast {nsulacing filme and
ofils.

Tha edge bdreakdown prodlem can be elizminatad by
adding a coaxial shiald acroas the margins of the
sacondazy vindiny, The concentrie shield coa-
dtrains the .eceric fleld to a coaxial distribu-
tisn acrods the aargins vhich {s nearly parallel
¢y zhe uniforn discridution through tha thicknass
af the winding. Conieguencly, the {leld anhance-
=~ant I3 greatly raduced and thare is virtually no
tacaral f4ald component to drive an arc across the
=scgin.

e effeceiveness of this shialding :cchclqrc vas
da=onscrazad in an carly cransformer dasiga

shaun {n Fly. « which vas tested o 1.25 ¥V uithout
f38luze, The zransforzer had a aingle tumn primary
and a 1 inch thick, 20-turn, secondary wiadiag.

Tha shields ware longizudinally slozced cylindars
»acad sver the lov voltage axtezior and along the
z9re. whila this avperisent clearly demonscrated
that :oncencric shielding prevenczad wdge breakdown,
12 Jas found :that {nduced eddy currants in the
shields as {llustrated in Fig. 5 had a detrimencal
a#f2ecs an zhe =sgnetic coupling. The open circuice
gain hich should have been near JO vas aczually

a2 and the energy transfer effliclency with a resis-
siva luad was approxizacaly 25 percent.

cncarnal Shorting Experiments

the prohlea of incernal zransformser shorting was
jtudied In tuo types of cests, {nductance bridge
=easuzazenss of a sizulsced primary cura with an

Fig. 5. ZXddy currents in continuous cylindrical
shialds.

adjacent shie}d section and pulse discharge caizi
on a priaary turn with var{ous cora coniiguracions
{n the cencer. In both casas, shorting 22Zacts
uvera obsearved as a decreasea in circult {nductanca
Zrom the unloadad prizary cura inductance.

Figure 6§ is a plot of inductance measures=enzs on 4
10 {nch diametar, § inch wide primary turn vizh a
§ inch wide sleave placed atr differenc axial
distances {rom one tdge of the primacy. The sleave
vas {ntendad to zimulace a shiald or structural
zomponent placed in some proxinity co the magnatic
£iald of the pricary. In one case the sleeve vas
longitudinally slottad and {n the other case it vai
continuous and acted as 4 shorzed turn. The eddy
current ihorting effect for tha sloctad and shorcad
sleeve Deasuresents vas saall but seasurable as far
1s 4 {nchus avay from the prisary tura. With the
axial spacing lass chan orne Inch, the «ffect vas
quite pronounced in both zasas. Wich 1 ona-half
tnch spacing, for example, the shorted slaeve
produced 3 13 ;arcenc change in tha primacy
inductance and the open turn produced a 7.3

percent change.
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Ia the _ulsa dlacharge tasts a 14,3 uF capacitor
wis suitched through a & inch dlamater ¥y & inch
vide single turn primary cofl. Cireui:z iaductanca
vas detarained Irom tha ringing frequency of the
dizchargi. The unlosded {nductance of the cirecult
{no cora in the primary coll) vas 96 s, A slocred
core tube of the sase axial length as the primary
produced no change in inducsance dut as the leageh
of the slotted tube vas Increased to § inch, 12
inch and & inch the circulz inductance fal) to

74 nK, €5 alf and 53 ok, respectively. This resul:
indlcatud & shorting eZZect stromgly dependeat on
shiald lengeh. Othar shiald configurations
including sccreens, Zoils, longitudinal rods, atc.
produced similsr shorzing affects. Omly two typas
of shialds shioved virtually no sherzing. One was
a sloczed cylinder of rasiative 2ilm vith a surface
resiszance of approxinmately 1000 ohas per square.
The othar vss an azray of rings interspaced
approxisately cne eighth inch and longitudinally
aligned vizh the axix of ths primary turn. The
tings vere ssde with a gap in cthe hoop direction
t0 pravent circumfarential current flov and vece
conneczed togethar alectrically along s single

ine opposize the 1ine of gaps such that thare
were no ciosed loops that could conduct current in
the assesbly which linked the zagnetic Zield.
Pulse discharge ctests on the rasistive fila and
cing shield 3odels shoved a maximum of 3 percent
induczance change vwizh and without the shield
asseablies in place.

Following these tests two prototype transformers
vere consiructed, one with resistive filw shields
and one with a ring type core shield {n combination
with a continuous external shield which also served
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A% the primary uta. I Sesming she sasiative

L1z shitlded zvansforaar thare Vare no masuraadly
tllaces 6f Incarnal shorzing Sut the raststive #ilw
conslatantly brows down sleng zhe auriaca at vol:z-
ages ovar 300 k¥, IZforza to fsprove zhe Itlm
quality vare vasuccussful., The ting core wodal
vith the continuous case vai Incorporatad inco an
alactrog Yesm gandarazer (Fig, 7) and tasted 2o

#00 XV.*  In this application the zramsfermer
proved to have goad high voliage enduramze Mt with
an enatgy tramsdar efficlency of 32 percess, = uaz
3Ll affectead By addy curreats &= the axtarral
shield. A third transiormer (Fig, §) was,
tharefore, coastructed wizh ting shie:dd on doin
the core and casa.” T™Ns transformar showed a3
Beasurable effects of internal shercing and vai
4gual to tha earliar mcdel fa high voltaga
endurance.

—TRANSFORMER

VOUTAGE
PROBE

Fig. 7. Mng and cylinder shielded cransformer.

Concentric ring shielded rransformer.

Fig. 8.




3pecatfons! Raesulcs

Afgar falzfal tessing, the concentcic oing
nlelded transdommar vas lacatporated nto A
apaczizive fapulsa 2est Zacility and vsad fovx
tascing dlelectric sollds, liquida and cow
sedftad.” Ia thiz appllcaclion tha ragslormer
Rax Yeen Operated {51 griaazar han 10° shoes fn a
¥al2age Tange Sezveen 330 KV and 1.5 XV ag pulia
zazad from 1 2o 100 ppa.  So winding Zafllurea ot
insylazten 2lailovers have accurrad throughout
thia jevica.

Tuo other ring sNelled tranaforaars have deen
buils and oparazad {n hizh veltage 2FL charging
3vssias. Tha aasacial {aacures of doth trani-
tarmers ave {lluscsacad (n Fig. 9. Ova sa uved in
3 130 poi, JCO J alectron beam generator” for
gharging 4 1.2 oF PFL to 700 wV. Iz has opecratad
237 moca than 2 x 10° shots wichour falluca.

The 2acead i3 incorpocated in a 10 pps, 3 WJ high
valtage pulzer and charged a3 % nf vatar capacitor
ea 1.5 MV (Fiz. 9). Prior to che zapetitiva pulie
applicacion, the trandformer vas successfully
taszad In 2 single shat node to ) MV.% Since the
3acond capacicive pulie syatas has oaly recantly
pedn pladad {n sarvice long zara andutanca data
Are not vat avallable Zor this transZormr, .

%

« PFL 2narging stansformac.

W1 tvree ting shialded zransfor=ara have baen
speratad la both single swing and dual resonance
charzing aodes. Yich coupling coefficlencs ranging
fram 0.83 to 0.85, the anergy transfar efficiency
iy wvpically sround 60 percent {n tha single swing
:1ar3e =2dd. In =osc cases, howaver, the trans~
1,0mers are Opdrated {n a dual zesonance charging
1de Jhich raquires =atching cthe Jrequencles of

the prizary and secondary sec:zions of che cireuic
ind raducing she effective coupling coefficlent 2o
Y.0. 3his is accomplished with a sransformer
aving a 2oupling 2o0efficlenc greater than 9.6 by
1dding an approprciace asount of axsernal inductance
t3 =ae avizmazy and secondary sections If the

c%rculz.‘ Rich the cireule properly tumed, anacgy
cransfar wfflclencies avra typically greazac than
90 patcent, It should be notad cthat the affects
of addy curzent shorzing can nat be compensatad
fotr by any means of axtarmal circult tunfag. Tha
cing shinlded transformacs produced tranafur
allfclenclas ranging Ivom 31 percent fovr tha ) WV
aodal 0 %4 parcent for the 700 XY repacitive
pulse sodal. Thase lodsaz vare dividead in the
approximate proporcion of one parcent An tha trani-
Iormar and five to wight percent in tha spack gap
suizches and capacitors.

Conclustons

Achiaving high anargy transfar afficlincy in com
Slaacion vith high voltage endurance in an alc coca
pulsae transfornars involves caraful actantion to tha
design of voletage grading davices and structursl
alemants to avofd {ntarnal shorting., Concenttic
ving shielding of spiral aerip type traniforaars
%as proven to be an eZfactive tiéchnique for
satisfylog doth requiraments ilmyltandously. This
dasign mathod has 2aan scalad succassiully from 3
fev hundrad “{lovalzs 2o 3 MV. Thate ace 2o
apparent Teasons vhy aven highaz valtage trani-
formars utilizing this tachaiqe could noc da dullc.
for the prasent, hovavar, transforaetrs cperating
up to a fav megavolra have sany useful applicacions
in repatitive pulise actelacavor systims uhare iong
shot lifa and high enecgy transfar afficlincy are
essential.
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herract

Talse sharpening affects in Zerrite transeission
1indzy say ba uséd 2o obtadn kV pulsas vith ns
zigazina, The exacz dascription of the sharp~
ening c!i-ct. requires complex shock wave
analysiz®. 1Ta this paper an approxisate dut
useicl physfical model s discussed. T ferrice
i3 treated as a lossy but linsar transsission
line from vhich equivalent design resules are
obzained. In many inscanzes the nonlinear
aifacis present are confined to a reglom which
£z small compared to the zotal tramsaission
lengzh, vhich makes the linaur appzoximation
»0re plausidla. Pralisinary exparimental
rasulis, based on a 110 ex long ling, are in
accord wizh the predictions of the model.

Introduction

In recant ¥ears an ircreasing nesd has arisen
Zer kV pulsers vith ns risetines. In the arma
of pulsers Zor mm wave tubes, fur axampls,
axtrenaly narrov pulse vidcths (< 3 as) are
dasired for improved resoluzioan. Az tha samt
time pulse rapecion races as high as 20 ule,
with pulse voltage and current saplitudes up to
15 kV and 1000 X, raspecctively, are required.
Thesa sinultaneous requiremencs place tremendous
burdens on the switch, vhich is the key element
in zhe design of such a pulser. Switchas now
available do not simulzandcusly satisfy the rise-
tin¢, PAR, and power requirements. Yor exsmple
spark gaps satisfy the risetime and peak power
raquirements, but are unable to satisfy the PRX
reguirement,

®

A proaising solution to the switch problem is
the use of a slover risetime svireh in combina-
tion with a ferrite pulse sharpener. Tha incor-
poration of a ferriza pulse sharpener into the
discharge circuit has che advantage of simulta-
neoysly providing fast risetime, large PRR, and
large peak pover lavels, Thare are disadvan-
tages, hovever, and these are added circuic

nomplexicy and bulk, aid well as loversd circui:
afficimcy caused By tha naed for blas gurren:.
Neverchaluss zha Zerrite pulsa sharpendr hai
poteatial in an area vhere there ars fav
tachnological altarmacives.

In recent yearz tha bulk of zhe sefenziiis
lizarature on {erriza pulse sharpenars las
appasrad !A tke USSK. Ia parcicular, tha work
by Xataev* emphasized the shock vave aspiacts of
tha Yave propagating in the Tarrita. Dxace
snalysis has indicatad zhe formazion of shock
wavas under a veriaty of cond zicns, and auch
vaves are imporzant in the intecrpratacion of
pilse sharpening effacts.

ia this reaport an alemeatary modal for il
pulse sharpening efZact is presenzed, vheraeisn
the ferrica is treated as a lossy by linesr
transmission line. A simplifying Zeature iz
introduced with the idea of a spin saturazion
{ronc, vhich travals along tha lengeh of zha
farricte. Tha shock vave natuce of the proble=
is pointed out, byt emphasis is plxced on
siaple and usaful solutions vhich ara possibla
vithout explicitly solving the shock Vave
problem.

Quzline of Modal

Ye consider a ferrite tranmmission line vhich ix
uniformly magnecized in the dirsczlon transversa
2o the direczion of propagation (Fig. 1) A
transxisaion line without ferrite, with izpad-
ance &, i3 connacred to the inpuz terainals of
the fefrize. 4 pulse vith risetine Ty is inci-
dent upon the ferrite. The polaricy of tha
magne.de f{ald of ctha pulss {3 opposite to cthat
of tha magnatization. As a consequance the
pulse vill sae a large RF impedance consisting
of an inductance, as vell as a rasiezive coape-
nant causad by dissipacion in the Zerrite. Tor
the most parc the signal will be reflected,
although a substanzial percenzage of the inci-
dent energy vill propagate inzo the farrite,
The region close to che scarz of cthe ferrice
line will not continually appear as a large
inpadance, however. [Iventually chis porzion of
the ferrice will suddealy reach saturation.
When this happens the large impedance will
suddenly decreasea to the saturaced impedance,




3 which by dasign L1 chosen agual o I,, the

fzput {apadance. As ahowm {n Fig. 1, this proc-
435 continues, 30 :hat 2 "paia zaruraziom Ireac™
propagacas aleng tha leach of tha farrite. The
velociey of thiz frome will Uicrease as the
pulae amplizude La Inczease Tha Zarrise liza
{3 dasigned auch zhat, vhin the {romr raaches
tha and of zhe Zerriza line if.e., the entire
tangth o the ferziza {2 ¢cmplacaly sagnecizad
in che oppoaitk dizecsion) zhe pulse Ls uear or
at Itz placeau valua, This will occur ac ¢t =
Ty ighering tranaie ciaa alfects, Lid., a2smua-
ing the valocity (n tha saturated region is
such largar than tha velocity of the spin aatu~
ratien Ixonc.

na advance o the 2pin saturation {zomt miaz de
digeinguished Ivom tha regloa of mageatic Ziwld
propagazing beyond tha spia saturation froac.
Sueh ILald pandtrazion arisas Irom the inh grent
dalay vhich exista datvean the onsat of 2he
nagnezie fLald and tha zime naaded fer tha
dping 12 change direciion. Tha flald penetra-
tdon 12 ¢onfined to a “propagation wideh."

Fig. 2. la this regloa the aagnetization
thanges zontinucusly Yetvewn the twe oppusizely
saturatad stites. AT thé apin satdratiom fromt
the magnetization £z aligned with the incliemt
sagaetie iald, and che changeover 2o tha lowver
2atucation izpedance is Lminent. At the {ar
end 3Z tha propagation wideh cha Zield signaldy
Raz just arrived and the magnetization Is seill
aaturaced and opposita to that of the field.
e £241¢ i3 also 3hovn ax camminating abrupely
ac tha and of ctha propagation wideh. This sia<
pliZies tha aodel but in 2act dispersion affacta
uhich cas:le Irom zhe prazence of loag ix the
transnission line, will cend 2o cauta the flald
25 dadzease ore gradually.

A2 inplfed 4n Figz. 2 the Zield propagating be-
vond the spin gevarsal Zroat will ba daspened,
sasulting fzoa the dissization vhich sccompanies
the rotation of the 3pins. The propagaticn
uidak, a3 well as the amount of damping, will
wazy, depeading on the Zarrite loading and nu-
DeTaus ochar paraaeters. In 20st cajas che
:i3ld penecrazion vill be zaall, on the order of
2 Zav ceatimetars, comparad o tha total langeh
2f the facrita line vhich s typlecally one
=etar leng., The ralatively small reglon o
uhich tha propagacion I3 confined makes plausi-
bla zeseain sinplificicions in cthe descziptlon
3?7 pulsa sharpaning, without resorting 30
Jatatlad shock vave analysis.

Anaivsis af Model

for concrazeanidss we consider a coaxlal ¢rans-
=ission line in which zhe ferrica #i)ls the en-
tire 2paca batween inner and wuter conduccors.
“he analysis =iy be sasily axtended to the case
wadre the line Is parzially Z4lled wizh ferzicza,
w1 which we “ave concentric dielaczzic and far-
cize slaevas. It i3 als0 1ssumed che ferrite
transaission line is connected zo a load 2
<hile the Input i{s cznneczed =0 another line

of izpedance I, (Fig. 1),
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Ia the sactyrated raglon of ctha line cthe larrite
kas an inductance par unie lengeh (L) aad a ca-
pacitsnce par unit laageh {C,), s Cg, and Z

:z- given by standard axpressiona for the coax!nl
LET

When tha farrite aagadacizacion s not alizned
uvith the incidane magaacic Ziald, che Zarrica
will appear as a large impedanca ralative te the
saturared {apedance. When this happens miue of
the Input energy vill ba reflected although a
significant parcentage of tha dnergy will be
tranmmitzed {nto the {arrics. Iz order ta ascer-
zain the degree of reflaczim, one aust calaulate
tha alectrical parsmatars am iciatad vith che
farrica line, Les Cys ar (rig. J).

The teansmisnion line parameters are a Zunc:zion
of the physicaz machanions by which the magnati-
sation aligns ftsalf with chd magnetic fis.:, hs.
The aechanism vhich appwars 20 prevail is the
CLibare Zors o the landau LiZschitz equatiorn
Irom vhich the time depandence of tha 3agnaci-
zation i3 given by (gaussias unics)

- 2
L4, ¥ h L
j- - —L——{ 1" -; (l)
1 s g

wheza ¥, I3 the magnacization along cha applied
fleld, X, 1z tha saturation magnetizacion and 3 is
the switchise constant. Using the approximation
given by Gy -gy) cthe avitching zime Tq, for ¥, to
go from -}, o + Yy, lg given by

v Q)

hus 5, is lnversely proporcional to the asgracic
£leld.” Using Zqs. (1), (2), and the elrcuit of
Fig. 3, caleulacion of the aetvork parametars ls,
C:. gives

L, » nx :d-a) My 107 _.‘z_ <)
- A b{ "

32336 - 2
2, . "2 o™ B )
- IS F

vhera 4 and a are the cuter and faner radii ¢? the
farzize, respactively, snd l= i3 zha man zagadcd
length. In 21l aquations the sagnecizacion, aeg-
netic flald, and S are givan In paussian unics.
All other quancities are {a MXS.

In calculsting L, and R, using £q.(l), va have
assuaed the tine’averagid quanticy for M., f{.4.,
Y, % 3. Ia a sensa this amounts o tresting cthe
tncire propagacion wideh as the load seen by the
incident vave, since !\ virles frea My o =¥, In
tha region. Incuitively thiz appears %o b2 a
reasonable assusprion since cthis lengch fs usually
s